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ABSTRACT

INTERCALATION AND HIGH-PRESSURE INVESTIGATIONS OF BLACK

ARSENIC PHOSPHORUS: UNRAVELING MATERIAL TRANSFORMATIONS

Dinushika Vithanage

July 28, 2023

Black arsenic phosphorus (b-AsyP1.y) alloys have emerged as intriguing materials
within the realm of two-dimensional (2D) materials, following the discovery of black
phosphorus (BP). These alloys possess capability to overcome major limitations of BP and
exhibit potential for tunability and enhancement of properties making them promising
materials for a wide range of applications, including lithium-ion batteries. Inspired by the
intriguing findings obtained for BP, this research focuses on understanding the structural
modifications that can be achieved in b-AsyPiy alloys through the application of

intercalation and high pressure.

The initial phase of our investigation was dedicated to synthesizing b-AsyP1.y alloys
under controlled laboratory conditions using the chemical vapor transport (CVT) method.
The characterization techniques revealed a structural expansion correlated with increasing
arsenic (As) concentration. For the highest As concentration, segregation of a new phase

(identified as g-As) from the b-AsyP1.y phase was observed.
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The subsequent phase focused on investigating the structural evolution of b-AsyP1.
y alloys during lithium (Li) intercalation, with varying As concentration (y). In-situ Raman
spectroscopy was utilized to analyze the real-time vibrational modes of the alloys during
Li intercalation, employing a dedicated in-situ electrochemical cell. The vibrational modes
of b-AsyP1.y alloys encompass a total of eight distinct modes, corresponding to P-P bonds
(Aly, A%, B,,), As-As bonds (Alg, A%, B,,), and As-P bonds (two modes). A monotonic
redshift of all the vibrational modes of all b-AsyP1.y samples was observed during the initial
stages of the intercalation process due to the softening of each mode caused by the
intercalation driven donor-type charge-transfer from Li to b-AsyP1.y. The emergence of a
new peak identified as the Eg mode of gray As, above an intercalation threshold, is
indicative of the presence of an intercalation-driven structural phase segregation process.
Further, A1y mode of gray As emerging after this intercalation threshold lies in close
proximity of A%, Raman mode of As-As bonds in b-Asy,P1.y. All the peaks beyond the
intercalation threshold show an upshift due to the co-existence of gray As with b-AsyP1.y
alloys causing strain and thus hardening of the phonon modes. In the sample with the
highest As concentration phase segregation takes place during the synthesis process.
Computational modeling reveals the co-existence of gray As in the b-AsyP1.y alloys with
high As concentrations. It also confirms the existence of a local structural segregation

taking place at a critical Li concentration during the intercalation process.

The final stage of this project was focused on the structural evolution of b-AsyP1.y
alloys under hydrostatic pressure using in-situ Raman spectroscopy. High-pressure
experiments were conducted using a Diamond Anvil Cell (DAC), which revealed pressure-

induced shifts in vibrational modes in b-AsyP1.y alloys. Two distinct pressure regimes were
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observed. In the first regime (Region 1), all vibrational modes exhibited a monotonic
upshift, indicating phonon hardening due to hydrostatic pressure. In the second regime
(Region 1), Aso.4Po.s and AsosPo.4 alloys displayed a linear blueshift (or negligible change
in some modes) at a reduced rate, suggesting local structural reorganization with less
compression on the bonds. Notably, the alloy with the highest As concentration, Aso.sPo.2,
exhibited anomalous behavior in the second pressure regime, with a downward shift
observed in all As-As and As-P Raman modes (and some P-P modes). Interestingly, the
emergence of new peaks corresponding to the Eq mode and Aig mode of the g-As phase
was observed in this pressure range, indicating compressive strain-induced structural
changes. The anomalous change in Region Il confirms the formation of a new local
structure, characterized by elongation of the P-P, As-As, and As-P bonds along the zigzag
direction within the b-AsyP1.y phase, possibly near the grain boundary. Additionally, a g-
As phase undergoes compressive structural changes. This study underscores the
significance of intercalation and pressure in inducing structural transformations and

exploring novel phases in two-dimensional (2D) materials, including b-AsyP1.y alloys.
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CHAPTER 1
INTRODUCTION & THEORETICAL BACKGROUND

Two-dimensional (2D) materials have emerged as an intriguing and rapidly
expanding research field in the scope of condensed matter physics and material science.
These materials possess unique physical and chemical properties due to their remarkably
thin structure, setting them apart from their bulk counterpartst. Notably, their atomic-
layered arrangement results in a high surface-to-volume ratio, enabling enhanced
interaction with the surrounding environment and heightened responsiveness to external
factors?. Additionally, 2D materials exhibit impressive mechanical strength, further
contributing to their intriguing characteristics. Their reduced dimensionality gives rise to
extraordinary properties, making them highly promising for a wide range of applications,
including electronics® #, optoelectronics® 5, photonics®, energy storage’®, energy

conversion®, superconductors®!, catalysis'® 3, and sensors?.

Following the revolutionary discovery of graphene, a diverse range of 2D materials,
including phosphorene!*, hexagonal boron nitride (h-BN) *> %6, silicene!’, germanene?®,
MXenes!® and transition metal dichalcogenides (TMDs)?°, have been discovered and
extensively investigated, broadening new avenues. Phosphorene, also known as black
phosphorus (BP) in its bulk form, has attracted significant attention, as the newest member
of the 2D material family. Its unique properties, such as a tunable
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direct bandgap (0.3 eV and 2 eV for bulk?! and monolayer?? BP, respectively), high carrier
mobility?>?°, and strong in-plane anisotropy?®, render it suitable for use in photonic,
thermoelectric, sensing, and optoelectronic applications. However, its rapid degradation in
the environment limits its durability and potential applications. By alloying phosphorus
with arsenic, the environmental stability of BP can be enhanced while preserving its unique
structure and properties®’. This alloying process allows for the precise tuning of their

characteristics, inspiring research advancements and interest in b-AsyP1.y alloys.

1.1. Black Arsenic Phosphorus

The metastable form of arsenic; black arsenic (b-As), exhibits similar electronic
and optical properties?®? to BP, including its orthorhombic puckered honeycomb crystal
structure. Consequently, further modifications to BP have been made by alloying it with
the congener material arsenic, resulting in b-AsyP1.y alloys. These alloys possess unique
crystal structure, high anisotropy, electrical®, optical®!, and thermal®2 3 properties similar
to BP, but with modifications. Various applications based on b-AsyP1.y alloys have been
reported to date, including Er-doped fiber ultrashort laser generators*, thermoelectronics®?,
photonic microheaters®®, and Li-ion batteries®. The bandgap of b-As,P1.y alloys can be
tuned down to approximately 0.15eV, indicating their potential as promising candidates
for mid-infrared photodetectors."-4% Experimental reports confirm that of b-As,P1.y alloy-
based photodetectors exhibit high detectivity beyond 4.9 x 10° Jones in the mid-infrared
range of 3- 5 um.%" As b-AsyP1.y alloys have a similar orthorhombic honeycomb puckered
structure as BP (with slight changes), they possess strong in-plane anisotropic optical

absorption and Raman scattering.® Furthermore, a monolayer of b-As,P1., can be a highly

2



efficient donor in solar cells due to its high electronic mobility and direct band gap of
1.54eV, according to theoretical reports.** Overall, b-AsyP1.y alloys exhibit outstanding
thermal, optical, electrical, and photoelectric properties, including a very narrow bandgap,
anisotropic infrared absorption, and bipolar transfer characteristics, making them
promising for infrared photodetectors and high-performance field effect transistors

(FETs)“2.

1.1.1. Crystal structure

Elements of group V are known to form two types of layered structures, the a (A17)
phase and g (A7) phase. The « phase has an orthorhombic honeycomb puckered crystal
structure with the space group Cmca. The g phase is a rhombohedral buckled layered
crystal structure with the space group R3m. For phosphorus, the a phase, known as BP, is
stable, while the # phase, known as blue phosphorus, is unstable under ambient pressure.
Unlike BP, most stable allotropes of other pnictogens are in S phase which has
rhombohedral crystal structure that exist as gray As, gray Sh and metallic Bi*®. Figure 1.1
shows the structures of (a) gray As (g-As), (b) black As (b-As), (c) BP, and (d) blue P. For
each of the VyP1y (V = As, Sb, Bi) systems, a critical composition is expected to transform

between the « phase and the £ phase.

G-As has the buckled structure analogous to Blue P**. BP has the honeycomb
puckered structure, along with overall orthorhombic lattice symmetry. Chen et al. has
reported b-As, the analogue of BP with an orthorhombic puckered layered crystal structure,
being an extremely anisotropic layered semiconductor crystal®®, with higher or comparable
electronic, thermal, and electric transport anisotropies between the armchair (AC) and

3



zigzag (ZZ) directions than any other known 2D crystals. Hence, b-As opens a pathway to
novel research ideas and applications. However, the abundance of naturally occurring b-
As is very limited. Since it is a metastable phase, impurities are necessary for its

stabilization.

(a) (c)
828 -

(b)

M& Armchair Armchair
_— B ——
/ o Y A o g
/ (/ view

Figure 1.1: Structures of (a) rhombohedral (gray) arsenic, and (b) orthorhombic arsenic*?,
(c) Top and side views of black phosphorene (orthorhombic), and (d) blue phosphorene
(rhombohedral). The red and yellow balls denote the As and P atoms, respectively.

Zigzag
.

1.1.2. Characteristics of b-AsyP1.y

Above mentioned exotic properties make As to be a promising candidate to be
alloyed with BP, while preserving or enhancing its unique properties and overcoming its
drawbacks. Gas-transport synthesis process is expected to transform a mixture of g-As and
red P into b-AsyPi.y alloys with orthorhombic crystal structure for a wide range of
stoichiometries (0 <y < 0.83)!. However, since As atoms are much larger in diameter than
P atoms, As atoms in the primitive unit cell show slight outward displacement, which

results in increased unit cell parameters®=°. A relative lattice expansion of 0.0645 is
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reported with increasing As concentration®®. Accordingly, volume of the unit cell also
increases with increasing As concentration. Therefore, these b-AsyP1.y alloys have strong
in-plane covalent bonding and weak interlayer van der Waals (vdW) interactions, sharing
the common features with many other layered 2D materials.3® With different compositions,
b-AsyP1.y alloys have many unique properties analogous to BP. Strong in-plane anisotropic
properties of b-AsyP1.y alloys are revealed by polarization-resolved infrared absorption
measurements.*® Furthermore, based on infrared absorption measurements, Liu et al. have
reported decrease of the band gap with increasing As concentration of b-As,P1.y alloys .
Specifically, the band gap of bulk materials can be tuned over a range of 0.3eV to 0.15eV
when As concentration changes from y = 0 to 0.83. Theoretical calculations predict that
monolayer As-P possess electron mobility of ~10 000 cm?V st which is 10 times higher
than phosphorene*®. Back-gate field-effect transistors (FETSs) fabricated by Liu et al. using
b-Aso.s3Po.17 have shown a hole mobility of 110 cm?V s, an ambipolar transport behavior
and an on/off current ratio of 1.9 x 1033 The broad and high photoresponsivity of b-
Asog3Po.17 in the mid-infrared (MIR) region, along with higher air stability facilitated by
h-BN encapsulation, makes it a promising photodetector and opens to applications in MIR
region, such as space communication, infrared imaging, and biomedical sensing.* b-As,P:-
y alloys with higher energy storage capabilities than pure BP and good Coulombic
efficiencies show promising potential for use in Li-ion batteries (LIBs). For example, Luxa
et al. has reported b-As,P1.,-based LIBs with capacities over 1000 mAhg? in the first
discharge cycle.®® However, poor cycling and a capacity loss, upon subsequent cycling
have been measured for those structures. This signifies the need for continued research on

improving properties and performance of such LIBs.



The incorporation of As into the BP structure, resulting in b-AsyPiy, offers
significantly enhanced resistance to degradation compared to BP when exposed to oxygen
and humidity. The stabilization of the thermoelectric power (TEP) in Aso.4Pos Occurs at a
slower rate than in BP, showing a 1.4 times difference, while BP's resistance decay is four
times faster than that of Aso.4Pos under ambient conditions. This divergence in behavior
can be attributed to the closer redox potential of b-AsyP1.yto O2/O2™ (-4.5 eV) compared to
BP, reducing charge transfer effects and degradation at the surface-water interface. As a
result, b-AsyP1.y alloys address the primary limitation of BP and demonstrate potential as

viable alternatives in various applications?’.

Further modifications to lattice structure can be made by application of external stimuli.
External factors cause strain on the lattice structure, resulting in changes in its electronic
structure, subsequently affecting properties such as bandgaps, electrical properties,
magnetic properties, optical properties, thermal conductivities, catalytic properties, phase
transition, and interlayer coupling.*’ Alloying, intercalation, and inducing high-pressure
are well-known methods used to modify crystal structures. Additionally motivated by
previous work reported, this study extensively examines the structural changes of b-AsyP;.

yunder charge transfer and high-pressure utilizing numerous characterization methods.

1.2. Introduction to Intercalation

Introducing foreign atoms or ions in between layers of host material is known as
intercalation. The weakly bonded layers in two-dimensional (2D) materials allows for the

accommodation of intercalants, making them highly favorable host materials. Intercalation



plays a powerful role in modifying the interlayer interactions, doping, and modifying
electronic structure of these materials. This technique also enables the transformation of
materials into entirely distinct structures or phases, making it a critical tool for controlling
the properties of layered materials, facilitating their transition across phase diagrams, and
triggering significant structural transformations across diverse applications®®. In the field
of intercalation, a range of strategies have developed. These include chemical intercalation,
which involves intercalation from gaseous*® *° or liquid*® °' phases, as well as

electrochemical intercalation, which employs solid®* %3 or liquid>*°® electrolytes.

1.2.1. Intercalation Mechanism

s

Cathode (Host) Electrolyte Anode
(Intercalant)

Figure 1.2: Schematic of electrochemical intercalation



In this study, the electrochemical intercalation method was employed due to its high
controllability over the process. The intercalation process was manipulated by applying an
external bias between the electrodes, enabling real-time characterization. In
electrochemical intercalation, a typical electrochemical cell arrangement was utilized, with
the intercalant serving as the anode and the host material functioning as the cathode (figure

1.2).

The migration of ions was facilitated by the presence of an ionically conducting
liquid or solid-state electrolyte, which was driven by the application of current or voltage
in the system. When using a liquid electrolyte, ions exhibit higher mobility compared to a
solid electrolyte, and the voltage profile of intercalation compounds is well-defined in
liquid electrolytes. Precise doping levels in electrochemical intercalation can be achieved
by controlling the applied electrochemical voltage or current®. The specific concentration
of intercalated species plays a crucial role in fine-tuning material properties, facilitating
comprehensive experimental studies, and fostering potential advancements in the field of

two-dimensional (2D) materials.

Intercalants can be classified as either donor or acceptor compounds depending on
their contribution. In the process of intercalation, materials with donor characteristics
contribute electrons and integrate into the interlayer spaces of the host material. The

electrochemical reaction can be symbolically expressed as:

H + xD* + xe- =DxH



where, H and D are host material and donor species, respectively®. Alkaline and alkaline
earth metals, including Li, Na, and Mg, are extensively employed as donor-type

intercalants in the investigation and practical utilization of layered materials®®-5%,

In contrast, acceptor-type intercalants, accept electrons from the host material and
intercalate into the interlayer spaces of the host material, during the intercalation process.
These intercalants tend to have a higher electron affinity and can effectively capture and
incorporate electrons from the host lattice, resulting in changes to the electronic structure
and properties of the material. Examples of acceptor-type intercalants include FeCls*,

H2S04%2 and others. Electrochemical reaction of acceptor type can be represented as,
H+ XA = AxH + xe~

where A is the acceptor compound. Electrochemical intercalation exhibits enhanced

reversibility, facilitating efficient intercalation process*.

1.2.2 Application of Intercalation

The intercalation of alkali metals like lithium is of great interest due to their unique
properties and potential applications in energy storage devices, such as rechargeable
lithium batteries. In the case of graphite, which is often used as an anode material in Li-ion
batteries (LIBs), intercalation of lithium in layered materials like graphite offers several
advantages for energy storage applications. It allows for the reversible insertion of charge
carriers into the interlayer spacing of the electrode, which helps to avoid problems
associated with standard electrochemical reactions, such as volumetric expansion and

strain generated during charging/discharging cycles.
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Since, BP has been explored for its use in Li and Na ion batteries, effect of
intercalation using different intercalants, including Li, Ca, K, Rb®, I, and NHs with BP%
have been studied quite extensively. Transmission electron microscopy (TEM)® and
Raman® in-situ characterization techniques allows to observe time evolution changes
during Li intercalation. Specifically, while TEM provides in-situ direct visualization, in-
situ Raman probing reveals fundamental insight into changes in atomic vibrational modes.
In-situ Raman study of electrochemical Li intercalation into BP by Rajapakse et al. has
shown that, in addition to peak broadening, a monotonic red shift corresponding to A, B,
and AZ phonon modes takes place due to lithiation-induced structural expansion®,
However, there has been hardly any work reported on in-situ Raman study on
electrochemical Li intercalation in b-AsyP1.y alloys, yet. Only work that has been done so
far comprises of few theoretical and experimental research on applicability of b-AsyP1.y in
Li ion batteries. However, one of the main problems with this material is its rapid
environmental degradation and limited durability. The problem of fast degradation, within
a matter of hours/days for phosphorene, especially in the presence oxygen, and light has
been studied and well documented®-%°, Recently, our group has demonstrated that alloying
with arsenic enhances the environmental stability of BP, while preserving the unique

structure and material’s properties?’.

Here, in this work, we study lithium intercalation into b-AsyP1.y alloys, as this is
relevant to the application of these materials in LIBs. In addition, the intercalation process
can also induce significant changes in the host material's structure, electronic properties,
and even its crystallographic arrangement. For example, the intercalation of lithium ions

into certain transition-metal dichalcogenides (TMDs) can modulate their catalytic
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performance’®. Additionally, intercalation of lithium in materials like MoS; can result in
enhanced phonon scattering, c-axis strain, and stacking disorder, leading to unique thermal
properties’. Therefore, understanding the intercalation process of lithium in b-AsyP1.y
alloys can led to designing and optimizing these alloys with tailored properties for various

applications.

1.3. Introduction to High-pressure Phenomena

The application of strain is a highly effective approach for tuning the properties of
two-dimensional (2D) materials. Among the numerous techniques available for inducing
strain, the utilization of pressure is a promising method that prevents introducing defects
into the material's structure. It offers significant advantages in the synthesis of new material
phases with enhanced properties and in the exploration of existing phases. Under high
pressure conditions, crucial material characteristics, including interatomic distances,
electron configuration, density, and free energy, can be deliberately modified’.
Significantly, pressure exerts a great influence on the equilibrium of reactions, rendering it
vital in the fabrication of metastable materials. A number of thermodynamically metastable
materials, synthesized under high-pressure conditions, demonstrate remarkable Kkinetic
stability over extended periods when exposed to ambient pressure. The high-pressure
synthesis of metastable materials holds considerable importance as it provides access to

novel and valuable substances.

High-pressure research is heavily dependent on techniques. The primary tools

utilized in the high-pressure science and technology are diamond-anvil cells (DACs) and
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'large-volume' synthesis presses. These tools encompass designs such as the 'belt’, multi-
anvil, toroidal, and piston-cylinder configurations, accompanied by large-scale shockwave
facilities’®. In recent years, significant progress in instrumentation and techniques has
extensively broadened the scope of experiments feasible in high-pressure research. The
diamonds utilized in the diamond anvil cell (DAC) exhibit transparency to a wide spectrum
of electromagnetic radiation, making the DAC compatible with a wide array of
characterization techniques. Notably, the DAC facilitates various probing techniques,
including X-ray and neutron diffraction, as well as spectroscopic methods such as Raman
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and photoluminescence
(PL) spectroscopy. Recent advancements in the design of diamond anvil cells have enabled
to achieve pressures on the order of 10 Pa ", Present-day laboratory conditions allow for
achieving pressures in the range of 10* Pa via shock waves. However, when considering
the universe, the highest known pressures exist within the cores of neutron stars, found to

be in magnitudes around 10%° Pa.

1.3.1. Phase Transitions in the Context of Gibbs Energy (G)

The Gibbs free energy (G) of a system is a measure of the amount of usable energy
that can do work in the system. The stability of the final phase in a structural transition
process is determined by the Gibbs free energy (G) of the system. To achieve the
equilibrium phase at specific temperature and pressure, it is necessary to minimize the
Gibbs free energy of the system during the transition process. The following explains Gibbs

free energy,
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G(P,T)=U+PV—TS

where U is the internal energy, P is pressure, V is the volume, T is the temperature and S
is the entropy. In high-pressure experiments, the system involves external parameters such
as pressure (P) and temperature (T), while other variables within the Gibbs free energy
function (such as U, V, and S) are allowed to adjust freely in order to minimize Gibbs free
energy. In other words, these experiments are conducted within the framework of a

statistical constant pressure ensemble.

With an increase in pressure, the distances between atoms or molecules within a
material decrease, causing the lattice to compress. This compression induces modifications
in the potential energy between these entities, thereby influencing their interactions and
ultimately impacting the Gibbs energy of the system. The change in Gibbs free energy
(AG) during a process provides valuable insights into the energetics and spontaneity of the
reaction. Under high pressures, the landscape of Gibbs energy in the material experiences
modifications, favoring particular configurations of atoms or molecules that minimize the
system's overall energy. The compressed lattice enables the formation of stronger chemical

bonds or the rearrangement of atoms into more stable arrangements.

The rate at which a process transforms from its initial state to the final equilibrium
is determined by the activation energy, also known as kinetic barriers’. Figure 1.3
represents the energy profile diagram. In cases where the transformation rate is lowered
due to a high kinetic barrier, and there exists a metastable phase with a lower energy barrier,
the crystal may undergo a transformation to the metastable phase instead of the stable one.
Many metastable phases exhibit such lengthy lifetimes that they cannot be experimentally

distinguished from equilibrium phases. Remarkably, semiconductor materials naturally
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exhibit a progressive tendency to transform into denser structures through a series of high-
pressure structural transitions. Due to their metastability and the intrinsic inclination
towards high-pressure phase changes, investigations of semiconductors under high

pressure hold significant importance.
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Figure 1.3: Energy Profile Diagram of a Phase Transformation.

Understanding the energy transformation during high-pressure conditions, is
essential for predicting and controlling phase transitions and the formation of stable phases
in materials. It provides valuable insights into the behavior of materials under extreme

pressure and facilitates the design and synthesis of novel materials with tailored properties.
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1.3.2. Application of High-pressure

Strained 2D materials have been extensively studied over the years. Particularly,
first-principal calculations predict that lithium-intercalated BP, under high-pressure
conditions, could transform into the blue-P structure. However, experimental work by
Rajapakse et al. has shown that high pressure applied to intercalated BP induces structural
reorganization in BP”’. Interestingly, recent work by Chaofeng Gao et al. reported a phase
transition from b-As to gray arsenic (g-As)’® under high pressure. It has been observed that
the onset of g-As structure occurs at a critical pressure 3.48 GPa, and both b-As and g-As
coexists between 3.48 and 5.37 GPa before b-As completely converts to g-As above 5.37
GPa. The process has been shown to be reversible up to 3 GPa, with a conversion of back
to b-As. However, above 5.37 GPa, the transformed g-As structure remains even after
pressure was released’®. Previous studies on Li intercalation to b-As,Pi., alloys
complement the result obtained by Chaofeng Gao et al, as they have also reported a Li-
intercalation driven phase transition of b-AsyP1.y alloys (o phase) to a rhombohedral
structure (6 phase)’® with the emergence of new peaks characteristic of gray arsenic after
a critical degree of lithiation. The coexistence of both phases indicates a partial phase
transition due to lithiation. However, the response of b-AsyP1.y alloys under high pressure

has not been studied thus far, despite their intriguing properties and potential applications.

Apart from the previously mentioned investigations on Li intercalation, this study
additionally focuses on understanding the effect of high-pressure on the crystal structure
of b-AsyP1y alloys by investigating their vibrational modes using in-situ Raman
spectroscopy. Specifically, the study examines the structural variations of b-AsyP1.y alloys

with varying As concentrations under hydrostatic pressure generated by a Diamond Anvil
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Cell (DAC). Tuning properties under strain is important for achieving high-performance

devices and exploring new opportunities.

16



CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1. Synthesis of b-AsyP1.y alloys

2.1.1. Chemical Vapor Transport (CVT) Method

T Crystal growth

-

Precursors

Figure 2.01: Schematic of CVT crystal growth. T1 and T. indicate high and low
temperature zones, respectively.

Chemical vapor transport (CVT) method is used to synthesize b-AsyP1.y alloys
followed by our previous work®. In the CVT method, precursor solid material is
transported from a source to a cooler region by means of a chemical vapor. This technique
involves the vaporization of the source material at a high temperature followed by its
subsequent crystallization or condensation at a lower temperature region. The schematic

diagram illustrating the process is shown in Figure 2.01.
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As precursors, stoichiometric amounts (molar ratios) of red phosphorus (Sigma,
>97%) and gray arsenic (Sigma, 99.99%) of total weight of 300 mg were added into a
quartz ampoule along with Sn (10 mg, Alfa Aesar, 99.8%) and Snls (5 mg, Alfa Aesar,
>95%) as mineralizing agents. Open end of the quartz ampoule including precursors was
connected to the high vacuum system consisting mechanical pump and a diffusion pump
as shown in figure 2.02 and figure 2.03. Then it was evacuated down to 10 Torr. While
maintaining ampoule under the vacuum, it was sealed using oxy acetylene flame torch,

melting from the constriction (figure 2.04).

Cold Cathode

Thermocouple gauge Gauge

Roughing valve Q
|
3

Quartz ampoule
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Thermocouple
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Mechanical
pump

f

Diffusion pump
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Figure 2.02: Schematic diagram of high vacuum system
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ampoule.

Quartz ampoules were used because it can stand higher temperatures due to its high

melting point of 1650°C. Pyrex ampoules start to rupture due around 610°c. These quartz

ampoules are custom built by Custom Glassblowing of Louisville, Inc. Having a total
length of 18.4cm and the constriction is made 7.6cm from open end for easier sealing
without causing damage to the vacuum system due to heat of the oxy acetylene flame torch.
It made it difficult to seal quartz, since the melting point of quartz is higher. Therefore,
wall thickness of quartz ampoules was customized to reduce to 1.25mm. However, it
required careful control of oxy acetylene flame torch to seal quartz ampoules. Thin walls

of quartz ampoules were not able to endure, vapor pressure during crystal growth. Hence,
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amount of precursors used were reduced to 300mg to avoid explosion of the ampoule

during heating.

Figure 2.05: The quartz ampoules used for sample synthesis.

Sealed ampoule was placed in a two-zone furnace. (The furnace included three individually
programmable zones, but only two-zones were used for this work). A temperature

difference of 50°C was maintained between the hot zone and the cold zone of the furnace.

Sealed ampoule was placed in a two-zone furnace, with precursors at the hot end. Then the
temperature at the hot end was increased to 650 °C from 3hours, maintained it for 1 hour
and slowly cooled down in 15hours in steps. Detailed temperature profile is shown in figure

2.06(b). Resultant AsyP1.y alloys were grown in the cold end.

Synthesized series of AsyP1.y alloys include, Aso2Po.4, ASo.4Po.6, ASo.5Po5, ASo.sP0.4 and
AsogPo2. Figure 2.07 shows an image of a synthesized black arsenic phosphorus alloy.
Then the alloys were characterized via Raman, EDX and XRD spectroscopic techniques
and SEM, TEM microscopic techniques. Detailed characterization information is discussed

in the results section.
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Figure 2.06:(a) The two-zone furnace (b) Temperature profile at the hot end.

22



Figure 2.07: Black arsenic phosphorus alloy

2.2 Characterization Techniques

Spectroscopic Techniques

A spectroscopic technique is a method that utilizes electromagnetic radiation (light)
to interact with matter to extract valuable information about its properties. The
measurement and analysis of the interaction between light and a sample, results in a
spectrum that provides information about the sample's composition, structure, and other

characteristics.

There are various spectroscopic techniques, each utilizing different regions of the
electromagnetic spectrum (e.g., ultraviolet, visible, infrared, microwave, etc.) and specific
principles of interaction (e.g., absorption, emission, scattering) to gather information about
the sample. Spectroscopic characterization techniques involved in the presented work
include, Raman spectroscopy, Photoluminescence spectroscopy (PL), X-ray diffraction
spectroscopy (XRD), Energy Dispersion X-ray spectroscopy (EDS or EDX). In addition,

microscopic methods involved are Transmission Electron Microscopy (TEM) and
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Scanning Electron Microscopy (SEM). Each technique has its own distinctive range of
capacities. Henceforth, the general principles underlying each technique and the revealed

characteristics of series of AsyP1.y alloys will be discussed.

2.2.1 Raman Spectroscopy

Raman spectroscopy is a widely utilized technique based on the principle of light
scattering or photon interaction. The phonon energies associated with a specific material,
produces a distinctive Raman spectrum for each material, analogous to a unique
fingerprint, offering valuable insights into molecular vibrations, as well as the chemical
and structural characteristics of the observed material. The discovery of this effect can be
credited to Indian physicist C.\VV. Raman (1888-1970), who was awarded the Nobel Prize
in 1930 for his pioneering work. With the advent of commercial lasers in the 1960s, Raman

spectroscopy has gained widespread use as a technique for material characterization.

Raman scattering manifests when a sample is subjected to a monochromatic light
source, commonly a laser. A small fraction (approximately 1%) of the incident
photons/light undergoes scattering, while the majority of photons transmit through the
sample. During this process, an incident photon encounters an electron within the sample,
resulting in the absorption of photon energy and the subsequent excitation of the electron
to a virtual higher energy state. Subsequently, the electron transitions from the virtual state
to a lower energy state, emitting a scattered photon. The disparity in energy between the

scattered and incident photons distinguishes light scattering into three distinct types.
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Elastic scattering of photons corresponds to Rayleigh scattering, in which the
scattered photon retains the same energy as the incident photon. Although, Rayleigh

scattering is dominant, it does not yield substantial spectral information.

Raman scattering is a phenomenon associated with the inelastic scattering of
photons. It can be further classified into two types: Stokes scattering and Anti-Stokes
scattering. Stokes scattering occurs when the scattered photon possesses lower energy than
the incident photon. The energy difference observed in Stokes scattering arises from the
absorption of energy, leading to the creation of a phonon—a quantum of vibrational energy.
Consequently, the excited electron remains in a higher energy state than its initial state.

Conversely, in Anti-Stokes scattering, the excited electron (in the virtual state)
transitions to a lower energy level compared to its initial state. As a result, the scattered
photon possesses higher energy than the incident photon. This additional energy is acquired
through the absorption of a phonon. Referring to the energy level diagram presented in

Figure 2.08, the equations for energy conservation can be expressed as follows.
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Scattering

Figure 2.08: Schematic representation and energy states diagram illustrating scattering
phenomenon.
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hv; = hvg; Rayleigh’s scattering

hv; = hvg + AE;  Stokes scattering

hv; = hvg — AE; Anti-stokes scattering.

where,

h — Plank’s constant

v; — frequency of the incident photon

v, — frequency of the scattered photon

AE- energy of the phonon

Then hv; is the energy of the incident phonon and hvy is the energy of the scattered phonon.

Through measurement and analysis of the energy shifts (wavelength differences)
between the scattered photons and the incident photons, Raman spectroscopy yields
valuable information regarding the vibrational energy levels and associated molecular
structure of the sample. The resulting Raman spectrum exhibits distinctive peaks or bands,
each corresponding to specific vibrational modes of the molecular species within the

sample.

A Raman spectrometer typically consists of a laser source, a sample holder, a
monochromator, a detector, and a data analysis system. The diagram of a Raman
spectrometer is shown in figure 2.09. The Raman system employed in this study includes
a He-Ne red laser with a wavelength of 633 nm. A 50-X Nikon objective lens (T Plan EPI

SLWD) with a 22 mm working distance was used in the Leica microscope integrated into
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the Raman spectrometer. White light is used during target selection and focus, and a 633nm
red light laser is used for exposure. Raman spectra were collected using a Renishaw inVia
spectrometer (figure 2.10), which incorporated a charge-coupled device (CCD) detector
and a 1200 lines per millimeter grating. The spectrometer offered an effective resolution

of 0.5cm™L.
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Figure 2.09: Schematic diagram of a Raman spectrometer illustrating the key components

and the light path for Raman scattering analysis.
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Figure 2.10: The Renishaw inVia Raman spectrometer

Beyond its role in identification, Raman spectroscopy exhibits sensitivity to
variations in material structure induced by external factors such as intercalation and
pressure. These external factors influence the vibrational energies of the material, making
Raman spectroscopy a valuable tool for studying the systematic evolution of material
structures under different conditions. This capability has been extensively employed in the

investigation of series of black arsenic phosphorous in this study.

As previously mentioned, Raman spectroscopy provides a spectrum of vibrational
energies for a material. A crystalline material can be modeled as a mass-spring system,
allowing vibrations to occur along various spatial directions within the material. These

vibrations, referred to as vibrational modes, manifest as distinct peaks in the Raman
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spectrum. However, it is important to note that not all vibrational modes are Raman-active,
meaning not all modes appear in the Raman spectra. For a vibrational mode to be Raman-

active, it must induce a change in molecular polarizability.

For instance, black phosphorous (BP) exhibits a total of 12 atomic vibrational
modes’® (also known as phonon modes). Within this set, six modes are classified as Raman-
active, two modes are infrared-active, three modes are acoustic, and one mode is
silent.8%7°81 Among the six Raman active modes, only three modes are experimentally

observable in bulk black phosphorus (BP). It is discussed in detail in the next chapter.

2.2.2 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a valuable tool for studying how materials
emit light when excited by photons. It reveals the optical and electronic properties of
materials. The main light interaction method used in photoluminescence is the absorption
of photons and subsequent emission of light by materials. When a material is illuminated
with photons of higher energy (typically from a light source such as a laser), the photons
can be absorbed by the atoms or molecules within the material. This absorption promotes
electrons to higher energy levels or excited states (photo - excitation). Figure 2.11

illustrates energy state diagram of the photoluminescence phenomenon.

After a short period of time, the excited electrons return to their lower energy states,
releasing the excess energy as photons. This emitted light is the photoluminescence signal.
The wavelength of the emitted light is generally longer than that of the absorbed photons

due to energy losses within the material.
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There are two main types of photoluminescence: fluorescence and
phosphorescence. Fluorescence happens when excited electrons quickly return to their
original states, emitting light within a very short time. Phosphorescence involves a slower

process, where the emission of light continues even after the excitation source is removed.

Therefore, the primary interaction method in photoluminescence is the absorption
of photons by the material, followed by the re-emission of light as the excited electrons
relax to lower energy levels. Photoluminescence spectroscopy finds extensive application
in various fields, including but not limited to determining band gaps, evaluating material
quality, investigating molecular structure and crystallinity, studying recombination

mechanisms, as well as detecting impurity levels and defects.
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Figure 2.11: Energy states diagram illustrating the photoluminescence phenomenon.
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The Renishaw InVia Raman spectrometer facilitates the performance of
photoluminescence spectroscopic measurements. Pressure calibration inside the diamond
anvil cell (DAC) in high-pressure experiments is conducted using the photoluminescence

spectra of Ruby, which will be discussed in detail in this chapter.

2.2.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a nondestructive analytical technique widely utilized to
investigate both physical and chemical properties of crystalline powders, thin films,
epitaxial films, and bulk solid materials. Generally, its applications include the
determination of crystal structure, lattice parameters, phase composition, as well as the
measurement of crystallite size, strain, and the degree of crystallinity in amorphous
materials. XRD offers invaluable insights into the spatial arrangement of atoms within
crystalline substances, enabling the characterization and understanding of their structural

characteristics at the atomic and molecular levels.

X-ray wavelengths, due to their comparable range to atomic sizes and interatomic
spacings, offer a valuable tool for acquiring atomic-scale information. When a
monochromatic and collimated X-ray beam interacts with a crystalline sample, the lattice
structure of the crystal leads to the diffraction of the X-rays at specific angles. This
diffraction phenomenon gives rise to a distinctive pattern of diffracted X-rays, where
constructive or destructive interference occurs in accordance with Bragg's law. As a
consequence, distinct peaks manifest at specific angles within the diffraction pattern (see

figure 2.12).
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2d sinf = ni
where, d- the distance between atomic layers
6 — The angle between the incident X-ray and the sample surface
A- the wavelength of the incident X-ray

n- an integer (diffraction order)

Incident X — rays Diffracted X — rays

Figure 2.12: Schematic representation of Bragg’s law

A typical x-ray diffractometer includes essential components such as an x-ray
source, sample holder, and x-ray detector. Either the sample holder or the x-ray source can
be rotated, allowing for the adjustment of the incident angle 6. At each incident angle, the
x-ray detector records the intensities of diffracted x-rays at an angle 26. Consequently, a

graph illustrating the intensity as a function of 20, commonly referred to as an x-ray

diffraction pattern, is obtained.
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The X-ray diffraction (XRD) system scans the sample over a range of diffraction
angles to obtain peaks that correspond to atomic planes in crystalline specimens. Analyzing
the XRD peak pattern allows identification of crystalline phases, quantification of phase
composition, calculation of residual stress from lattice parameters, characterization of
crystallite size and micro strain from peak broadening, and analysis of epitaxial film
growth. XRD provides valuable insights into the structural and compositional properties of

crystalline materials.

The materials included in this project were characterized using the Bruker D8
Discover X-ray diffraction (XRD) instrument for XRD analysis (see figure 2.13). The
acquired XRD spectra were carefully analyzed using the Diffrac eva software, in
accordance with crystallographic data obtained from the ICCD PDF-2 database. Through
this analysis, various crucial parameters were determined, including phase identification,

lattice parameter determination, and Miller indices identification, among others.

Furthermore, the GSAS Il software was employed to perform a comprehensive
fitting and analysis of the XRD data, enabling a more detailed exploration and
interpretation of the obtained results. The XRD data obtained are discussed in detail in the

following chapter.
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Figure 2.13: The Bruker D8 Discover X-ray diffractometer.

34



Microscopic Techniques

2.2.4. Scanning Electron Microscope (SEM)

Scanning Electron Microscopy (SEM) is an advanced imaging technique employed
for the examination of surface morphology and topography of materials at high resolution.
It utilizes a focused electron beam to interact with the sample, generating various signals

that provide valuable information about the surface characteristics.

During SEM analysis, the specimen is placed within a vacuum chamber, and an
electron gun produces a focused beam of electrons. Magnetic lenses are employed to
precisely focus the electron beam onto the sample surface (see figure 2.14). When the
primary electron beam interacts with the sample, multiple signals are generated, including
secondary electrons (SE), backscattered electrons (BSE), and characteristic X-rays.

Secondary electrons are low-energy electrons emitted from the sample surface due
to their interaction with the primary electron beam. These electrons convey detailed

information regarding the surface topography and morphology of the sample.

Backscattered electrons, on the other hand, are high-energy electrons that are
deflected or scattered back from the atomic nuclei of the sample. BSE signals provide
contrast in composition and sensitivity to the average atomic number of the elements
present in the sample. Furthermore, the primary electron beam can also displace inner-shell
electrons within the sample, leading to the emission of characteristic X-rays when these
vacancies are filled by outer-shell electrons. These X-rays carry elemental information

about the composition of the sample.
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Figure 2.14: Schematic diagram of a Scanning Electron Microscope®? %

The signals resulting from the electron-sample interaction are collected by
detectors, which then transform them into images and spectra. SEM images provide highly
resolved, three-dimensional representations of the sample surface, enabling detailed

examination and analysis of its microstructure, particle size, and surface features.

SEM finds extensive applications across various scientific and industrial domains,

including materials science, nanotechnology, biology, geology, and forensic science. It
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serves as a powerful tool for investigating surface properties, morphology, and elemental

composition of diverse samples.

2.2.5. Energy Dispersive X-ray Spectroscopy (EDS or EDX)

In addition to its imaging capabilities, SEM is commonly coupled with Energy-
Dispersive X-ray Spectroscopy (EDX or EDS) to enable elemental analysis. In a typical
SEM, when the electron beam collides with the samples, they interact with the beam and
produce characteristic X-rays. These X-rays can be used to distinguish and measure the
concentration of different elements in the sample because each element has a unique X-ray
emission spectrum 8. The X-rays result from the interaction of the primary electron beam
with the nucleus of the sample's atoms. The primary electron beam excites the electrons in
the atom's nucleus, causing one of them to be ejected and creating an electron hole. An
electron from the outer shell of the atom then fills the electron hole, releasing the excess
energy as the emitted X-ray. The emitted X-ray consists of both the X-ray continuum,
generated by the deceleration of electrons, and the characteristic X-ray, produced when

higher shell electrons fill the electron hole in the nucleus shell®.

EDX analysis provides invaluable insights into the chemical composition and
elemental distribution within the specimen. It enables the identification of specific

elements, quantification of their concentrations, and spatial mapping of their distribution
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across the sample. The sample characterization was performed using the TESCAN Vega3

SEM equipped with an EDX system, which is shown in figure 2.15.
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Figure 2.15: TESCAN Vega3 SEM

2.2.6. Transmission Electron Microscope (TEM)

Transmission Electron Microscopy (TEM) is a sophisticated imaging technique
extensively employed in the fields of materials science and nanotechnology to investigate
the microstructure and properties of materials at the atomic scale. By utilizing an
accelerated beam of electrons, TEM enables the observation of internal features and

morphology within a specimen, typically with a thickness of less than 100 nm.
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TEM surpasses the magnification and resolution capabilities of optical
microscopes, allowing the visualization of atomic-scale details. This enhanced resolution
is attributed to the short wavelength of electrons, which is significantly smaller than that
of visible light. Unlike scanning electron microscopes, which primarily examine sample
surfaces, TEM provides higher resolution images by employing electromagnetic lenses to
focus the electron beam and control its trajectory. Consequently, TEM is widely utilized to
examine nanoscale surface roughness, crystallinity, defects, porosity, composition, and

internal structure of materials.

However, TEM requires specimens that are semi-transparent to electrons and have
a thickness below 100 nm. Conventional TEM systems, particularly those with high
voltage and high resolution, necessitate high vacuum conditions to prevent electrical arcing
and minimize electron collisions with gas atoms.In TEM, a high-energy electron beam is
generated by an electron gun and directed onto a thin specimen using electromagnetic
lenses (figure 2.16). As the electron beam passes through the specimen, it interacts with
the atoms, undergoing scattering and diffraction processes. The unscattered transmitted
electrons form an image on a fluorescent screen or are detected by a charge-coupled device
(CCD) camera, revealing the internal structure of the specimen. Although the transmitted
electrons contribute to the image formation, a fraction of the incident electrons may also

scatter from the sample. Scattered electrons can be blocked using an aperture.

TEM offers several imaging modes, including bright-field imaging, dark-field
imaging, and high-resolution imaging. These techniques provide valuable information
about crystal structure, defects, grain boundaries, and other microstructural features of the

sample.
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Figure 2.16: Schematic diagram of Transmission Electron Microscope (TEM)®®

Additionally, TEM exploits the wave-particle duality of electrons, similar to the
behavior of X-ray beams in X-ray diffraction (XRD). In TEM, the electron beam can also
diffract upon interacting with the sample. When suitable conditions are met, the diffracted
electrons can interfere constructively, allowing the application of Bragg's law. The
resulting electron diffraction pattern from a specific crystalline sample comprises bright

spots, with each spot representing a distinct crystallographic plane.
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Figure 2.17: FEI Tecnai F20 FEG-TEM/STEM system.

The analysis of electron diffraction patterns aids in the identification of essential
crystallographic information, such as the orientation of atomic planes and atomic
arrangements. This capability is known as selective area electron diffraction (SAED), as
the user can conveniently select the area of interest within the sample for diffraction pattern
generation using a selected area aperture. In this study, high-resolution TEM images of
black arsenic phosphorus were acquired using a 200-kV FEI Tecnai F20 FEG-TEM/STEM

system (figure 2.17).
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2.3. Electrochemical Li intercalation

Electrochemical intercalation, which involves the insertion of guest atoms or
molecules into the crystal structure of host material, has been employed utilizing a
conventional cell configuration resembling that of lithium-ion batteries. In an
electrochemical cell, there are two key components: electrodes and an electrolyte.
Specifically, Li serves as the anode material, while the cathode is composed of b-AsyP1.y
alloys. During the discharging process, lithium ions (Li*) diffuse through the electrolyte

from the electrochemically oxidized anode and intercalate into the cathode.

In order to investigate the intercalation process in real-time via in-situ Raman
spectroscopic technique, a specially designed split test cell, manufactured by MTI
Corporation, was employed. This Raman cell includes a transparent quartz window, which
enables a direct observation of the electrode of interest. Consequently, the transparent
window allows the focused laser beam from the Raman spectrometer to be directed onto
the b-AsyP1y electrode. As a result, it becomes feasible to perform real-time
characterization while the intercalation process is ongoing. Schematic of the setup is shown
in figure 2.18. Both the external appearance and internal schematic of the in-situ cell are

illustrated in Figure 2.19.
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Anode:

In an electrochemical cell, the anode is the electrode oxidation occurs, thereby
serving as the negative terminal. Throughout the electrochemical reaction, the anode

functions as the locus of electron generation and release into the external circuit.

The selection of anode materials for intercalation experiments depends on various
factors, including their reversible intercalation capability, capacity, redox potential, and
structural compatibility with the host material. Among these considerations, Li is the best-
known anode material for battery applications. This recognition arises from the fact that
Li's exceptional ability for reversible intercalation, wherein it can be inserted into and
extracted from host materials without significant structural degradation. Furthermore, Li is
lightest and the most electropositive among the alkali metals. Moreover, the low density

of Li (0.534g/cm™3) contributes to its high specific capacity value of 3.86Ah/g.

The high intercalation capacity of Li allows for the efficient storage of a considerable
number of ions per unit mass or volume. This high-capacity grants significant advantages
in energy storage applications, as it enables the effective storage of a substantial amount of

charge.

The redox potential of Li (-3.01V) proves to be complementary for the desired
electrochemical reactions in intercalation systems. The redox potential determines the
voltage and energy characteristics of the electrochemical cell. Notably, Li exhibits
structural compatibility with numerous two-dimensional (2D) materials, such as graphite

and transition metal oxides sulfides, without causing significant structural distortions or
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irreversible changes. However, the effects of Li intercalation in b-AsyP1y alloys remain

unreported, as of now.

Cathode:

In an electrochemical cell, the cathode serves as the electrode where reduction
reactions take place (acting as the positive terminal), and where guest species undergo
intercalation during the discharge cycle. It functions by accepting electrons from the
external circuit, facilitating the storage of electrical energy through reversible intercalation
processes. Upon charging the intercalation cell, the guest species are subsequently

deintercalated from the cathode material.

This intercalation reaction is primarily favored by the host structure's low
dimensionality, particularly in layered structures, which allows for the facile storage of
charge-carrying ions between the layers. Additionally, the cathode should exhibit good
electrical conductivity to enable effective charge exchange. To enhance conductivity, a

conductive substance, such as b-AsyP1.y, is mixed with a binder.

In this study, a mixture of polytetrafluoroethylene (PTFE) and acetylene black is
used as the binder material for the cathode. These binder materials effectively bind the
cathode material together as a cohesive pellet, contributing to enhanced conductivity

(figure 2.20).

45



Figure 2.20: AsyP1.y cathode

Electrolyte:

The electrolyte serves as a medium (whether in liquid or solid form), that facilitates
the transport of ions between the cathode and anode within a cell. It is worth noting that
electrolytes exhibit excellent ionic conductivity, making them effective conductors of ions.
Typically, an electrolyte consists of a salt composed of the anode element, which is a
common and suitable choice for this purpose. In this work, Li is utilized as the anode
material, a 1 M solution of lithium hexafluorophosphate (LiPFe) serves as the primary
component of the electrolyte. This solution is combined with ethylene carbonate and

dimethyl carbonate in a 1:1 ratio, enhancing its properties and characteristics.

Separator:

The separator used is a polymeric membrane placed between the anode and cathode
(figure 2.21). Its primary purpose revolves around preventing short circuits between the
anode and cathode, achieved through effective electrical insulation. Simultaneously, it

permits the necessary passage of ions required for the electrochemical reactions to occur.
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It effectively inhibits electron flow between the electrodes, indicating its excellent
electrical insulation properties. Furthermore, this membrane serves as a permeable
microporous layer, soaked by the electrolyte, to facilitate the smooth movement of ions
from one electrode to the other. The separator also has a high ionic conductivity to enable
the efficient transport of ions. Moreover, it exhibits chemical and electrochemical stability

to withstand the harsh conditions within the cell.

Figure 2.21: Separator

Current collector:

In order to enhance the conductivity of the cell, both the anode and cathode
materials are affixed to current collectors. These collectors play a crucial role as connecting
components by gathering the electrical current generated at the electrodes and establishing
a connection with external loads. Commercially available current collectors typically

consist of aluminum (Al) and copper (Cu) foils, which are widely utilized for this purpose.
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However, in this work, circular stainless steel meshes serve as the current collectors
(shown in figure 2.22). This stainless steel meshes are tightly bonded to the Li metal
(anode) and mixture of b-AsyP1.y and binder (cathode) through the application of hydraulic
pressing. This ensures a secure attachment and establishes a reliable electrical pathway

within the cell.
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Figure 2.22: Current collector (Stainless steel mesh)

Subsequently, the split test cell was employed to assemble the electrochemical
cell. The assembly process involved sandwiching the separator, which had been soaked in
liquid electrolyte, between the Li anode and b-AsyP1.y cathode, both firmly attached to
the current collector. It is important to note that the entire cell assembly procedure was
conducted within a glovebox environment to avoid any potential moisture and oxygen

exposure.

The intercalation process was performed by discharging the assembled cell by

applying a constant discharge current. (chronopotentiometry).
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Chronopotentiometry

Chronopotentiometry is an electrochemical technique used to study the relationship
between the applied current and the resulting potential or voltage response of an
electrochemical cell. In chronopotentiometry, a known constant current is applied to the
cell, typically using a potentiostat/galvanostat instrument. This method is also known as
Galvanostatic discharge as the cell is being discharged under the constraint of a constant
current across the external load. The potential or voltage response of the cell is
continuously recorded or measured as a function of time. This technique allows for the
investigation of various electrochemical processes, including charge transfer Kkinetics,

electrode reactions, ion diffusion, and mass transport phenomena.
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Figure 2.23: Metrohm Autolab PGSTAT302N potentiostat/galvanostat unit

The assembled cell was discharged by applying -0.2mA discharge current using
the Metrohm Autolab PGSTAT302N potentiostat/galvanostat unit (figure 2.23). The
Nova 2.1 Autolab controller software facilitates both the pre-programming of the
galvanostat and the recording of measurements. The voltage-time profile is utilized to

investigate the electrochemical process accurately.
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The total cell discharge process was conducted while simultaneously acquiring
real-time Raman spectra. The degree of lithiation, denoted as X, was calculated using the

following electrochemical formula:

MIt
*= emNy
Where M, 1, e, Na, and m represent the molar mass of b-AsyP1.y, discharge current,
elementary charge, Avogadro's number, and mass of b-AsyP1.y (active mass), respectively.
Since all these parameters are constants for a specific cell, and assuming a constant
discharge current (galvanostatic), the degree of lithiation (x) exhibits a linear relationship

with the discharge time (t).

2.4. High -pressure technique
The samples are subjected to high-pressure using Diamond Anvil Cell (DAC).

2.4.1 Diamond Anvil Cell

A Diamond Anvil Cell (DAC) is a device commonly employed in high-pressure
experiments to generate extreme pressures on small samples. It comprises two opposing
diamond anvils with small flat surfaces. When a sample is inserted between the diamond
culets and the DAC compresses, the sample experiences exceedingly high-pressure levels.
This setup allows to achieve high-pressures surpassing 100 gigapascals (GPa) with relative
ease®’. The initial development of an anvil device for high-pressure investigations involved

the use of tungsten carbide (WC) by American physicist Percy Williams Bridgeman.
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Subsequently, the utilization of diamonds as anvil materials was first documented in 1958
at the National Bureau of Standards by Charles E. Weir, Ellis R. Lippincott, and Elmer N.

Bunting®.

The diamond culets of a Diamond Anvil Cell (DAC) possess a relatively small
surface area (A), typically ranging from 100 to 900 microns. Consequently, the application
of a small force (F) on the DAC leads to the generation of high pressures at the diamond
culets (P), following the fundamental relationship P=F/A. In terms of mineral hardness as
defined by the Mohs scale, single crystal diamond stands as the hardest known material,
possessing an absolute hardness value of 1500 and a relative hardness of 10. This

exceptional hardness enables diamonds to withstand extremely high pressures.

The transparency of diamonds also serves as an advantage, as it allows
electromagnetic radiation to pass through. This property facilitates the collection of in-situ
spectroscopic data. Furthermore, the transparency of diamonds permits sample observation

and enables mounting under an optical microscope.

Two diamond culets that are affixed to the backing plates of the cylinder and the
piston of the DAC. A pre-indented gasket consisting of a drilled hole at the center is utilized
to create a sample chamber between the diamonds. This chamber serves the purpose of
housing the sample and accommodating the pressure medium, typically a liquid or a gas.

The pressure medium is introduced to ensure uniform pressure distribution in all directions.

To pressurize the sample, it is placed within the sample chamber immersed in the
pressure medium. The top piston, equipped with a diamond culet, exerts downward force

on the sample chamber. This force can be applied using methods such as a gas membrane
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or a screw-driven mechanism. As the top piston descends into the cylinder, which also
possesses a diamond culet, the sample within the pressure medium experiences an increase

in pressure. The schematic of the experimental setup is shown in figure 2.24.

Raman
Spectrometer
~
~
~
N\
\
\
\
— R —- \
1
u . ﬂ i Pressure ;
A\ - Medium ;
- /\ B i
\, -7 /
T . e /7
4

Diamond Anvil Cell
(DAC)
Figure 2.24: Schematic of the diamond anvil cell and the experimental setup for in-situ

Raman spectroscopy.

Pressure is determined within the DAC by incorporating ruby powder alongside the
sample. Ruby exhibits a photoluminescence spectrum that is dependent on pressure,
enabling the calibration of pressure levels within the DAC. More information regarding

this technique can be found in the subsequent section.

The DAC used in this study is the Diacell Helios DAC, driven by a gas membrane
and manufactured by Almax Easy-Lab Inc. in Belgium. The diamonds employed in this
DAC possess a culet size of 800 pum in diameter. Additionally, this DAC model is equipped

with a resistive heater, enabling the execution of high-temperature experiments when
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necessary. Figure 2.25 represents the a) cylinder and the b) piston of the DAC. The steps
to assemble DAC are indicated in figure 2.26. Figure 2.27 illustrates the cross-section view

of the DAC.
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adjusting screws Piston

Gas melnbrane

Figure 2.26: a) Piston attached to extractor b) Piston inserting into the cylinder c)
Assembled piston and the cylinder d) Gas membrane e) Fully assembled DAC (Including
gas membrane and the supporting ring)
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Figure 2.27: Cross section view of the Diacell Helios DAC

Choice of diamonds

The selection of appropriate diamonds for a DAC is of utmost importance due to
the extreme strain they experience during high-pressure experiments. In the context of
selecting diamonds for a DAC, the quality criteria are determined by "The 4Cs of
diamonds." This methodology, developed by the diamond industry, evaluates the grade of
diamonds based on four factors: Carat, Clarity, Color, and Cut®. Carat (ct) is the unit of

measurement for the mass of gemstones, where 1 ct is equivalent to 200 mg.

The clarity of a diamond refers to the presence of impurities, both on its surface
and within its interior. Assessing the clarity involves examining the diamond under an
optical microscope at 10x magnification. Diamonds that exhibit no flaws under this
magnification, such as Flawless (FL) and internally flawless (IF) diamonds, are considered

the most expensive. These flawless stones are particularly perfect choice for spectroscopic
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measurements. It is crucial to avoid impurities in the diamond, as they can lead to cracks
in the anvils when subjected to high pressure. Additionally, impurities or defects can cause
deviations in the optical path of beams or introduce unwanted peaks in spectroscopic

measurements.

The color of a diamond is determined using the Gemological Institute of America
(GIA) scale. This scale ranges from D, representing complete colorlessness, to Z,
indicating a pale yellow or brown hue. Fluorescence from a diamond can elevate the
background level and potentially overshadow the signal from the sample. For Raman

experiments, diamonds with low fluorescence (Type 1A) are preferred.

The "cut" of a diamond relates to the quality of its proportions and the positioning of its
surfaces. When using DAC in experiments, the size of the culet plays a crucial role in
determining the maximum achievable pressure. This is because the pressure magnification
is defined by the ratio between the table and culet dimensions. The cut of diamonds also
governs the accessible range in spectroscopic instruments (such as accessible 26 range in

XRD).

The Belgian company, Almax easyLab Inc., manufactures various diamond cuts
and designs tailored for diverse high-pressure applications. Figure 2.28 illustrates the range
of available options. In the present study, the Diacell Helios DAC model contains two 16-
sided diamonds with a diameter of 3.10 mm and a culet size of 0.80 mm (Figure 2.29).
These particular diamonds proved advantageous for in-situ Raman experiments due to their

exceptionally low fluorescence characteristics.

55



\/L ) s

BOEHLER-ALMAX DESIGN DIACELL DESIGN STANDARD DESIGN MODIFIED BRILLIANT CUT DESIGN

Figure 2.28: Diamond cuts and designs for different high-pressure applications.
(Courtesy of Almax EasyLab Inc.)

In DACs, diamonds are supported by two backing plates, also referred to as anvil
seats. These backing plates are typically composed of hard materials such as tungsten
carbide (WC) and serve to secure the diamonds in place. Prior to attachment, thorough
cleaning of both the diamond and backing plate surfaces is essential to eliminate any dust
particles that may introduce pressure asymmetry, potentially leading to cracks. Depending
on the specific DAC application, diamonds can be either glued or force-fitted onto the

backing plates.

Figure 2.29: Diamonds used in Diacel Helios DAC (Diacel-cut, 16-sided)
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Alignment of diamonds

Prior to conducting any experiment, it is crucial to ensure the proper alignment of
the two diamond anvils. Misalignment can result in errors during pressure application and
calibration and may even lead to diamond damage under high-pressure conditions.
Therefore, meticulous alignment is essential to ensure that the culet surfaces of the two
diamonds are parallel to each other. The culet surfaces must coincide and establish perfect
contact during pressure application. Alignment procedures should be carried out under an
optical microscope with utmost care and attention to detail. It is imperative to thoroughly
examine the lateral directions of the diamonds under the microscope to verify accurate

alignment.

& &3 v

Figure 2.30: Schematics for possible diamond misalignments: (a). Lateral misalignment,
(b). Tilt misalignment and (c). properly aligned diamonds.
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Lateral misalignment and tilt misalignment are illustrated schematically in Figures
2.30 (a) and (b) respectively. Tilt misalignment, depicted in Figure 2.30 (b), results in the
formation of Newton's Rings, which can be observed through the microscope. These
Newton's Rings arise due to the presence of a minute air wedge between the two diamonds.
Proper alignment of the diamonds should exhibit the appearance depicted in Figure 2.30

(c) from all lateral directions.

2.4.2. Gasket preparation

A gasket, typically made of a thin and deformable material such as metal, is
employed to secure the sample between the diamond anvils in a Diamond Anvil Cell
(DAC). The gasket serves a critical function as a sample chamber, effectively containing
the sample together with the pressure medium and preventing any leakage. The choice of
gasket material is paramount and should consider various factors, including the nature of
the sample, the desired pressure range, compatibility with the pressure-transmitting

medium, and any specific experimental requirements such as temperature or resistance.

The selection of a suitable gasket material entails finding a material capable of
withstanding the desired pressure range without deformation or failure, while also being
chemically compatible with both the sample and the pressure medium. In this study,
Inconel gaskets with a diameter of 10 mm and a thickness of 0.2 mm were used (figure
2.31). Inconel refers to a trademarked family of nickel-chromium-based superalloys.
Notably, Inconel possesses remarkable resistance to oxidation and corrosion, enabling it to

withstand extreme pressures and high temperatures.
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To prepare the gasket for use, it is necessary to subject it to indentation between the
diamond anvils within the DAC while applying a certain level of pressure. The extent of
indentation should be determined based on the desired pressure range to be achieved. This
process results in the gasket bearing imprints of the diamond shapes. As a customary
practice, the gasket is indented to ensure that the thickness of the imprinted central region

becomes approximately one-third of the initial gasket thickness (figure 2.32).

Almax casyl ab .)

Gasket Blank, Inconel dialgymm

Figure 2.32: Indented gasket
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Prior to indentation, it is crucial to thoroughly clean the gasket. Excessive pressure
on insufficiently cleaned gaskets may lead to potential diamond fracture or damage. Hence,

proper cleaning procedures should be followed to maintain the integrity of the diamonds.

Subsequently, a sample chamber is created by drilling a small circular hole,
typically ranging from 0.1 to 0.3 mm in diameter, at the center of the indented portion. This
micro-drilling process is carried out using a specialized apparatus known as an Electric
Discharge Machine (EDM). The EDM facilitates precise drilling of the desired hole size

and location, ensuring the formation of a well-defined sample chamber within the gasket.

Electrical Discharge Machining (EDM), also known as spark erosion or spark
machining, employs electric discharges to eliminate material from the workpiece. In this
process, the drilling tool, acting as the electrode, and the workpiece (in this case, the
gasket), also serving as an electrode, are immersed in a dielectric fluid. An electric voltage
is applied between the tool and the workpiece, resulting in a succession of rapid electrical
sparks within the small gap separating them. These sparks generate intense heat, causing
the workpiece material to melt and vaporize, thereby eroding and eliminating material from

the workpiece.

The precise alignment of the tool with the workpiece is accomplished by assisting
a low-power microscope (Unitron ZSB 823986 optical microscope). For this work, the
Hylozoic Products micro EDM unit is utilized, equipped with an electronics unit for tool
control, a tool-setting limit, and a machining unit for regulating the peak power and
discharge energy (figure 2.33 (a)). By accurately controlling the parameters of the electrical
discharge, it is possible to manage the material removal rate as well as the shape and size

of the hole. Prior to drilling, the appropriate settings must be predetermined based on the
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desired dimensions of the hole to be created. Magnified view of the gasket after drilling is

shown in figure 2.33(c).

Table 2.1: Parameters settings for EDM

Hole Diameter (mm) Discharge Energy (HJ) Peak power (W)
0.03-0.15 0.05-0.2 0.02-0.
0.15-0.4 0.2-05 0.1-04
04-15 0.5-20 0.2-08
' =~ ———
a) = >@\ = ==
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Figure 2.33: a) EDM unit b) Magnified view of drilling action c) Drilled gasket
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Sample mounting

Once the gasket has been indented and drilled, it is prepared for sample mounting.
The sample is carefully positioned at the center of the drilled gasket, which is submerged
in a pressure-transmitting medium (PTM). It is essential to ensure that the sample does not
come into direct contact with the gasket, as this would hinder the uniform distribution of
pressure through hydrostatic pressure. Ideally, the sample should experience equal pressure

in all directions.

To facilitate sample mounting, the sample needs to be crushed into smaller sizes to
fit within the circular hole of the gasket, typically with a diameter of 0.2mm. The mounting
of the sample is performed using micron-scale needle tips under the observation of a
microscope. Once the sample is in place within the gasket hole, the sample chamber is
filled with the PTM. This can be accomplished using a micro pipette to ensure precise and

controlled filling of the chamber.

The choice of a pressure medium holds significant importance in high-pressure
experiments. Selection criteria for a pressure medium should consider the desired pressure
range, sample properties, and specific experimental requirements. In general, a liquid
pressure transmitting medium (PTM) should possess characteristics such as softness, low
compressibility, and chemical inertness to ensure minimal interaction with the sample of
interest. Additionally, it is crucial for the PTM to have a high hydrostatic limit in order to

prevent any undesired phase transitions resulting from the applied pressure.

While pressure transmitting mediums can be found in gas, liquid, and solid phases

for high-pressure experiments, liquid PTMs are often favored over their gas and solid
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counterparts due to their ease of loading and handling. In the scope of this study,
dimethylformamide (DMF) was employed as the liquid PTM for high-pressure
experiments. DMF is a colorless liquid known for its low evaporation rate, in addition to
possessing the desired softness, low compressibility, and chemical inertness previously
mentioned. Furthermore, the absence of additional Raman peaks within the range of

interest (150-500 cm™?) supports DMF as a favorable choice for this study.

The subsequent step involves the cautious insertion of the piston, equipped with the
diamond culet, into the cylinder containing the gasket and the sample. It is vital to ensure
that the sample remains undisturbed during this process, and any introduction of air bubbles
within the pressure transmitting medium (PTM) is avoided. Microscopic view of a properly

mounted sample is shown in figure 2.34.

Figure 2.34: The mounted sample as seen under the microscope.
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2.4.3 Pressure calibration

After the sample has been mounted, the pressure is generated by the downward
movement of the piston in the DAC, facilitated by a gas membrane. This gas membrane,
constructed from stainless steel, possesses the ability to expand when filled with gas.
Positioned atop the piston, it exerts a downward force as it expands, thereby exerting
pressure on the diamonds. The GM controller unit is responsible for regulating the air
pressure supplied to the gas membrane from an external source of gas. In this work, a
nitrogen gas tank including pressurized gas (3500 psi) was utilized. The GM controller unit
comprises a shut-off valve and a release valve to govern the gas flow, while a digital display
indicates the pressure (in bar) within the gas membrane (figure 2.35). It is important to note

that although the pressure inside the DAC cannot be directly measured.

Figure 2.35: GM controller unit
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The Ruby Pressure

The utilization of Ruby's photoluminescence (PL) spectrum for pressure calibration
in high-pressure experiments is a well-established technique. This is attributed to the
distinctive peak shifts observed in the range of 690-700 nm, known as the Ruby R1 and R2
lines. These peaks exhibit significant variations in their positions with applied pressure,
providing a reliable means for precise pressure determination. Notably, the Ruby R2 line
shifts are particularly favored for pressure calibration due to their dependence solely on
density compression. They remain unaffected by nonhydrostatic stresses and crystal
orientation, ensuring more accurate pressure measurements. In contrast, the R1 line shifts
are influenced by nonhydrostatic environments and may introduce errors into the
calibration process®. Therefore, the preference for utilizing the Ruby R2 line as a pressure
calibration reference arises from its inherent insensitivity to nonhydrostatic factors,

enhancing the reliability and accuracy of high-pressure measurements.

The method involves placing a small ruby chip or microcrystalline powder inside
the sample being studied under high pressure. As pressure is applied, the spectral lines of
the ruby material shift to higher wavenumbers %% By measuring the shift in the
fluorescence emission wavelength of the ruby, the applied pressure on the sample can be
calibrated. The relationship between the wavelength shift and gas pressure is known,
allowing for easy calculation of the internal pressure (P) within the DAC using following

equations® 9,

13—1870M 1+59M
N ,10( 2o
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AL A=
lo

Ao

Where Ao and A represent the wavelengths of the Ruby R2 line at ambient pressure and the

desired pressure P, respectively. By establishing a correlation between the pressure-

induced shift in the ruby R2 line and the known gas pressures (obtained from the GM

controller, in bar), a calibration curve can be generated (shown in figure 2.36).

Subsequently, employing the aforementioned equation in conjunction with the calibration

curve, it becomes possible to determine the pressure inside the DAC in gigapascals (GPa).

Ruby PL spectra
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Figure 2.36: Pressure dependence of Ruby PL spectra
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Figure 2.37: Experimental setup for high-pressure experiment
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CHAPTER 3
RESULTS AND DISCUSSION

Black arsenic phosphorus (b-AsyP1y) exhibits analogous characteristics to black
phosphorus (BP) with slight modifications, particularly when the concentration of arsenic
(As) is below 83%. In the primitive unit cell of b-AsyP1.y, the As atoms undergo a subtle
outward displacement due to their larger atomic diameter compared to phosphorus (P)3%
4, As a consequence, the unit cell parameter and volume of b-As,Pi.y increase as the
concentration of As is elevated. Prior to exploring the response of b-AsyP1.y, to intercalation
and high-pressure, it is vital to understand the alterations in its characteristics that occur

with varying concentrations.

The synthesized series of b-AsyP1.y alloys include four different compositions: b-
AS0.4Pos, b-AsSosPos, b-AsosPos, and b-AsosPoo. In order to verify the quality of the
synthesized AsyP1y alloys, several characterization techniques were employed. Atomic
vibrational modes were determined and characterized by means of Raman Spectroscopy
measurements using Renishaw inVia spectrometer with 632 nm He—Ne laser. X-ray
diffraction (XRD) measurements performed using Bruker Discover 8 were used to verify
the crystal structure and evaluate lattice parameters of synthesized materials. The
morphology and elemental composition of investigated materials were evaluated using

transmission electron microscopy (TEM) and energy dispersive x-ray (EDS)
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spectroscopy, respectively. These measurements were carried out using FEI Tecnai F20
transmission electron microscope equipped with EDAX TEAM EDS spectrometer. In
addition, g-As (corresponding to y = 1) and BP (corresponding to y = 0) were characterized

as reference materials.

3.1. Properties of pristine b-AsyP1.y alloys

3.1.1. Vibrational properties of pristine b-AsyP1.y alloys

Raman spectra obtained for gray As, BP, and different alloys are shown in Figure
3.01(a). Black phosphorus exhibits a total of six Raman active modes, including
Bi1g,B3g B34, Ay, Bog and AZ.798195 % However, the modes B, 4 B3, and B3, are rarely
observed experimentally, due to their significantly low intensities®’. Conversely, the
remaining three modes (A3, B,, and AZ) are prominently observed in experimental studies.
These three modes correspond to specific vibrational characteristics of the P-P atoms in
directions: out-of-plane, in-plane zig-zag, and in-plane armchair, respectively. It is worth
noting that the analogous crystal structure of b-As to b-P allows for the observation of the

same Raman active modes in black arsenic as well.

In Raman spectra of pristine AsyP1.y alloys, three major regions of peaks, depending
on the atomic mass, are observed, Raman modes associated with P-P bonds, identified as
Ag, By, and A7, corresponding to out-of-plane, in-plane along zig-zag direction and in-
plane along armchair directions, respectively, are seen in the high-frequency region (=350
— 470 cm™Y). Further, Raman modes associated with As-As bonds labelled as Aé, B4 and
A% are seen in the low frequency region of (= 200 —270 cm1). The vibrational modes
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corresponding to the P-P and As-As bonds are represented in Figure 3.02. Finally, two
vibrational modes associated with As-P bonds are seen in the mid-region (= 300 —370
cm1). As arsenic concentration of the alloy increases, a decrease in peak intensities for P-
P vibrational modes were observed, whereas peak intensities corresponding to As-As
vibrations were increased. It is reasonable because P-P vibrations become less prominent
when more P atoms are replaced by As atoms in the lattice. As-P vibrational modes also
show a reasonable behavior with the increasing arsenic concentration with their intensity
increasing gradually from zero for BP (y = 0) to the maximum value for b-AsosPos (X =

0.5) and then gradually decreasing again to zero for gray As (y = 1).
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Figure 3.01: (a) Raman spectra for pristine BP, precursor As, and b-AsyP1.y alloys with
different chemical compositions. (b) Raman shift vs arsenic concentration (y) for P-P (top),
As-P (middle), and As-As (bottom) vibrational modes. Dotted lines provide guide to the

eye with linear fits.
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It is also observed that peaks of alloy samples are red shifted (w.r.t. BP sample)
with increasing arsenic concentration (Figure 3.01(b)). In the context of this study, the
terms "red shift" and "blue shift" relate to the frequency. Notably, an interesting
observation was made regarding the P-P vibrations in relation to the As concentration. It
was found that the modes B2g and AZ%q exhibit larger shifts compared to the Aly mode, with
factors of 2.2 and 2.4, respectively, as the As concentration increases. This observation is
intriguing, particularly considering the similar trends reported in Li-intercalated BP with
increasing Li concentration (by a factor of approximately 1.5) °* as well as in BP under

increasing uniaxial strain (by a factor of approximately 1.4)%,

This finding is in accordance with the increasing amount of arsenic—arsenic bonds and the
decreasing contribution of phosphorous—phosphorous bonds, as well as the change in bond

strength and bond lengths in the system upon arsenic substitution.

As — As
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g
W or
A = O 4s
M -
Ay

Figure 3.02: The vibrational modes associated with P-P and A-As bonds in b-AsyP1.y

The Raman spectra of precursor As (Figure 3.01 (a)) is rather interesting. It is

known that rhombohedral gray As with the A7 structure belongs to the R3m space group.
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It has three Raman active modes, two-fold degenerate Eq modes and one Aig mode, where
the Eg mode corresponds to the in-plane vibrational mode, whereas Aig mode belongs to
the out-of-plane vibrational mode’®. It is further confirmed by our observation of Raman
spectrum with two peaks clearly visible at 193cm™ (Eg) and 253cm™ (Ayg). It is found that
b-As is a metastable phase. Calculated formation energy of b-As is ~0.04 eV/atom higher
than that of most stable phase of g-As. Even the combination of b-As with g-As (e.g.,
87.5% b-As with 12.5% g-As) is energetically lower than pure b-As (by ~ 5 meV/atom),
indicating the possibility of their co-existence. The co-existence of rhombohedral and
orthorhombic phases can also be found in the b-AsyP1.y alloys with high As concentration

(see the shoulder around 200 cm™ in Figure 3.01 (a)) and illustrated in Figure 3.03.
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Figure 3.03: A schematic illustrating the segregation of excess As during the synthesis of

Gray As

99009\

a high As concentration b-AsyP1.y alloy.

3.1.2. Structural properties of pristine b-AsyP1.y alloys

Next, we characterized each sample using XRD. Figure 3.04(a) shows the XRD

pattern of each sample between 10-80°. The XRD patterns showed the symmetry consistent
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with the same type of crystal structure, i.e., orthorhombic puckered structure with the Cmca
space group, which is characteristic for BP and b-AsyP1.y alloys. For all samples, the
strongest observed peaks were of (0kO)-type, consistent with flake morphology of the
particles in these samples. Additional weak peaks were also observed in some samples,
most notably in b-AsosPos. However, as shown in Figure 3.04, all peaks originated from
the same orthorhombic puckered structure phase. The relative intensity between (0k0) and
mixed-index peaks depends on the thickness of the flakes; the thicker the flakes the
stronger the mixed-index peaks. This can be clearly seen for the XRD pattern of a coarse-

grain reference BP sample also shown in Figure 3.04.
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Figure 3.04: (a) XRD patterns for pristine BP, precursor As, and b-AsyP1.y alloys with
different chemical compositions. (b) The unit cell (orthorhombic) parameters extracted
from the XRD data against the alloy composition y. Dotted lines provide guide to the eye
with linear fits.

The XRD measurements showed a systematic expansion of the crystal structure
with the increase of arsenic concentration, y. This can be seen in all three lattice constants,
a, b and c, extracted from XRD data and summarized in Table 3.1. The observed increment

in the c/a ratio suggests, that a higher relative lattice expansion along the c-axis in
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comparison to the a-axis as the concentration of arsenic increases. This is consistent with
the crystal structure and the preferential deformation direction of the orthorhombic

puckered structure.

Gray arsenic exhibits a rhombohedral crystal structure with the R3m space group.
Interestingly, several X-ray diffraction (XRD) peak positions closely resemble those
observed in the orthorhombic BP structure. Notably, the XRD peaks at approximately 25°
and 32.5% represent (0 0 3) and (0 1 2) crystallographic planes, of the rhombohedral gray
arsenic phase, respectively. In contrast, orthorhombic BP exhibits peaks corresponding to
the crystallographic planes (0 2 1) and (0 4 0), with closely proximate angles as mentioned

above.

Table 3.1: Values of lattice constants, a, b and ¢, measured from XRD analysis.

Samples a (A) b (A) c(A) cla
BP 3.314 10.480 4.373 1.320
b-Aso.4Po.s 3.347 10.651 4.423 1.321
b-AsosPos 3.354 10.771 4.449 1.326
b-Aso.6Po.4 3.378 10.813 4.488 1.330
b-Aso.sPo.2 3.416 10.896 4.565 1.336

Lattice parameter identification

b-AsyP1.y exhibits the same crystal structure symmetry as BP. Crystallographic
information from the PDF-2 database has been used to fit the BP XRD data initially and
the lattice parameters were tuned to fit with b-AsyP1y alloys. For the b-Aso.gPo.2 and
intercalated samples, Gray As crystallographic information were used in addition to BP to

determine lattice parameters.
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The Bruker software Diffrac Eva 4.3 was used to evaluate the lattice parameters of
the synthesized b-AsyP1.y alloys. XRD patterns were recorded for each composition, and
BP crystallographic information file is loaded (PDF 00-047-01626) and subsequently, the

"tune cell™ option in the Diffrac Eva software was used.

The procedure initiated by focusing on the (0kO) type reflections and performing
parameter tuning. Since (OkO) reflections depend only on one parameter, they were utilized
to tune “b” parameter without affecting other parameters. Particularly, the strongest
reflections, such as (020), (040), and (060), were used to tune the “b” parameter to align
with the peak positions. Exact peak positions were determined employing “peak search”
tool in Diffrac Eva. Subsequently, the (002), (021), and (022) reflections were employed
to tune the “c” parameter, taking into account the potential weakness of the (002) reflection
in certain samples. Following this, indices such as (200), (202), (131), (112), and other

(1P 4]

mixed indices were employed to tune the “a” parameter.

In the AsosPo2 sample and the intercalated samples, a rhombohedral crystal
structure, (similar to gray As and belonging to the R3m space group) emerged. Additional
peaks resulting from phase segregation were matched by tunning the lattice parameters of
gray As (PDF 01-072-1048). First “c” parameter was tuned matching with (003) and (006)
reflections. Then mixed indices including (012) were used to tune “a” parameter. Only the

“a” and “c” parameters required to be tuned, since the “a” and “b” parameters are

dependent. As an example, intercalated b-Aso.6Po.4 is shown in figure 3.05.
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Figure 3.05: (a) The XRD pattern of intercalated Aso.cPo.4 alloy. (b) Logarithmic scale
representation of the XRD pattern. The red and blue stick patterns indicate matched
diffraction peak positions, tuning BP and Gray As phases respectively.

3.1.3. Morphology and elemental compositions of pristine b-AsyP1.y alloys

All samples were also characterized using TEM and EDS analysis. and the results

are summarized in the following.

As predicted, the TEM imaging, as illustrated in Figure 3.06, confirmed the flake
morphology, which is characteristic of layered materials, for both black phosphorus (BP)
and the b-AsyP1.y samples. HRTEM analysis of individual flakes revealed the presence of
large single-crystalline regions displaying distinct lattice fringes, indicative of the
orthorhombic puckered structure. The SAED patterns obtained from these individual flakes
predominantly exhibited the characteristics of a single crystalline nature, demonstrating
symmetry of the orthorhombic puckered structure with the Cmca space group, which is
characteristics for BP. These findings align with our previous research work conducted by
Manthila et al., thereby reinforcing the systematic expansion of the crystal structure

observed with an increasing concentration of As®, The lattice expansion coefficient with
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the As concentration, determined to be 0.0645. Notably, the calculated c/a ratio illustrates
a greater expansion along the c-axis compared to the a-axis, supporting the crystallographic
insights derived from our XRD measurements. Furthermore, the lattice expansion was
substantiated by the observed increase in the values of d-spacings for several

crystallographic planes, as found through HRTEM and SAED analysis.

» -

Al oo

Figure 3.06: TEM characteriza ion of ASp 2P0, AsoaPos and AsosPos samples. The left
panel (a, d, g) Low-magnification and right panel (b, e, h) HRTEM images of Aso.2Pos,
Aso4Pos and AsosPos flakes respectively. The insets of the right panel show the FFT of

each HRTEM images.
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At a larger scale, the examined alloyed materials exhibited a polycrystalline nature,
as evidenced by the HRTEM and SAED analyses. Within the larger grains, distinct
domains with varying orientations were observed, along with the presence of extended
structural defects, such as dislocations, and structural inhomogeneity, exhibited as heavily
distorted atomic planes. These features were frequently observed in HRTEM images. The
occurrence of structural defects and lattice distortions was further revealed in the arcing of
diffraction spots observed in SAED patterns acquired from larger sample areas. A

representative example of such observations is illustrated in Figure 3.07.

Figure 3.07: TEM and FFT images showing defects in b-Aso.4Po.6 flake.

Phosphorous and arsenic were found to be homogenously distributed within the b-
AsyP1.y samples, as shown by phosphorus (P-K) and arsenic (As-K) EDS mapping (Figure
3.09, left and middle panels). Moreover, the EDS spectra from the investigated samples
showed the gradual change of the intensity ratio between As-K and P-K lines with
decreasing nominal concertation of arsenic fromy = 1 (precursor-As) toy =0 (BP) (Figure

3.09 right panels).
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Figure 3.08: (a) P-K and (b) As-K elemental maps of a b-Aso.sPo. flake with two small

g-As particles attached to it (shown in b).

However, the sample with highest As concentration (y = 0.8), contain arsenic
segregated regions. Increased As concentration cause part of the sample to undergo such
structural change. This is also consistent with EDS elemental mapping of this sample where
excess of As particles were observed in addition to b-AsgsPo. flakes (see example EDS
mapping in Figure 3.08). However, the samples exhibited a variation in composition
distribution within different grains, as evidenced by a standard deviation of approximately

0.05.
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Figure 3.09: EDS analysis of b-AsyP1.y (1 >y >0) samples: P-K elemental maps (left
panels), As-K elemental maps (middle panels), and EDS spectra (right panels).

In summary, all b-AsyP1.y alloys were found to exhibit a layered morphology
along with a reasonably homogeneous elemental composition.
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3.2. Electrochemical Li intercalation

Based on our previous study, which revealed the structural expansion caused by Li
intercalation in BP, it is of significance to investigate the impact of Li intercalation on b-
AsyP1.y alloys. Raman spectroscopy is employed as a technique to observe alterations in
the atomic vibrational modes, providing valuable insights into the intercalation mechanism.

In this experimental approach, the intercalation process is facilitated through the
application of a discharge current to the system. This is achieved using a standard
electrochemical cell setup, wherein the intercalants assume the role of the anode electrode
and the host materials serve as the cathode electrode. The number of intercalated Li atoms
per b-AsyP1.y molecule, or the degree of lithiation (x), is determined by employing the
following equation:

Mt
“eNym

Where, M, |, e, Ny, and m are the molar mass of b-AsyP1.y, discharge current, electron
charge, Avogadro’s number, and b-AsyP1y mass (active mass), respectively. As all the
parameters are constants for a given cell, and if the discharge current is also constant

(galvanostatic), the degree of lithiation (x) is linearly proportional to the discharge time(t).

3.2.1. Structural and vibrational properties upon Li intercalation

We then, performed detailed analyses to understand the atomic mechanism of the effects

of Li intercalation on the structural properties of b-AsyP1.y alloys in terms of
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(i) the charge transfer from Li,
(i)  the peak area, shift of Raman spectrums and relative change of the intensity of
the new Raman peak, and

(iii)  the characteristics of XRD patterns before and after Li intercalation.

Figure 3.10 (a) shows the Galvanostatic discharge curves for samples with varying As
concentration y in b-AsyP1.y used for in-situ Raman spectroscopy. The results for precursor-
As are also shown. The open circuit voltage (OCV) for each sample was seen to depend on
the As concentration y, as shown in Figure 3.10 (b). For all the samples with orthorhombic
phase, the OCV showed a monotonic increase with the increasing As concentration.
However, precursor-As (g-As) with rhombohedral phase, shows a clear deviation from this
behavior. The open-circuit voltage of an electrochemical cell depends on the
electrochemical potentials of the constituent materials and the theoretical voltage is

determined by the Nernst Equation.
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Figure 3.10: (a) Galvanostatic discharge curves for samples with varying As
concentration, y in b-AsyP1y used for in-situ Raman spectroscopy. The results for
precursor-As are also shown. (b) Open circuit voltage (OCV) as a function of As
concentration y.
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Figure 3.11: Electrochemical potential diagram of an electrochemical cell

Ideally, during the discharge process, the electrodes undergoing redox reactions,
enable electrons to flow through the external circuit in the direction from anodes with
higher Fermi energy to cathode material with a lower one. Therefore, the open-circuit

voltage of the cell system satisfies,

FVoc = —AEr = pa — K¢

where F represents Faraday's constant. For the common solid electrode materials, the Fermi

energy level depends on the material's work function.

Our previous study (Karki et al.) has shown that BP (AsoP1) is a p-type
semiconductor with the thermoelectric power (TEP) value ~ +323 mV/K at room
temperature®. Asy increases in AsyP1.y, the TEP value is seen to decrease monotonically
reaching ~ 8 mV/K for y=0.8. This implies the Fermi energy for BP (y=0) lies closer to the
valence band edge and moves towards the center of the band as y increases. This makes

the uy — ¢ increase as y increases and hence the Voc.
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To study the effect of electrochemical Li intercalation on the structures of b-AsyP1.
yalloys, we intercalated Li in the samples and present the results of Li-intercalation in each
of the b-AsyP1.y by investigating the evolution of the Raman spectra in-situ during the
intercalation. Figure 3.12 consists of Raman spectra and degree of lithiation x in Lix(b-
AsyP1.y) for different b-AsyP1.y alloys with varying y. In each Raman spectrum, three major
regions of peaks corresponding to P-P bonds (= 300 — 470 cm™?), As-As bonds (= 200 —
300 cm™2), and As-P bonds (= 300 — 400 cm ™) are observed. The shaded area around 200
cm tin each spectrum (except BP) identifies the evolution of a new peak as a result of
intercalation. It is believed that the new peak developed during the lithiation in b-AsyP1.y
alloys is associated with a small amount of rhombohedral g-As phase developing from
orthorhombic b-AsyP1.y in the samples with mixed composition after a threshold degree of
lithiation in each sample. This peak is identified as the Eg mode of g-As. Careful
investigation by systematic curve fitting procedure reveals the existence of Aig mode of
the g-As phase in addition to the Eq mode. However, the proximity of the presence of A7
mode (b-As phase) of the b-AsyP1.y alloy and the Aig mode of the g-As phase makes this

analysis difficult.
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Figure 3.12: Comparison of Raman spectra at different instances of time during the Li
intercalation for varying As concentration, y in b-AsyP1.y; (8) y =0 (b) y = 0.4 (c) y = 0.5,
(d)y =0.6 (¢) y =0.8. The shaded area in each spectrum identifies the evolution of a new

peak (identified as the Eq mode of g-As) as a result of intercalation. Corresponding intensity

maps of Raman spectra during Li intercalation are provided in Figure 3.13.
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Figure 3.13 shows the Raman intensities (integrated areas) of P-P, As-As, and As-
P peaks normalized to the total intensity for samples with varying As concentration, y in
b-AsyP1y; (@) y=0(b)y=0.4 (c)y =0.5, (d) y = 0.6 (¢) y = 0.8. For all the samples, the
normalized intensity of P-P bands and As-P bands are seen to decrease as the intercalation
progresses. However, for the sample with y = 0.8, the changes are minimal. For the sample
with y = 0.4, the normalized intensity of P-P and As-P bands are higher compared to the
As-As band prior to the intercalation (X = 0). During the intercalation, while the intensity
for P-P and As-P bands decrease, the intensity of As-As band increases rapidly and
saturates implying emergence of the g-As phase. The sample with y = 0.5 shows somewhat
similar behavior except for the changes of the intensity of the P-P and As-P bands are
somewhat less. For the sample with y = 0.6, the normalized intensity of the As-As band is
larger than that of P-P and As-P bands before the intercalation due to the higher As
concentration of the pristine sample but undergoes similar changes upon intercalation. For
the sample with y = 0.8, the intensity of As-As bonds is much higher than that of P-P and
As-P bands in the pristine state and all the intensities show negligible changes upon
intercalation. The faster quenching of P-P bands compared to P-As and As-As bands,
observed during intercalation, is consistent with the faster environmental degradation of

BP compared to b-AsyP1.y alloys.?’
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Figure 3.14: Comparison of Raman peak intensities (integrated area) of P-P, As-As, and
As-P peaks normalized to the total intensity for varying As concentration, y in b-AsyP1.y;
(@)y=0.4(b)y=0.5(c) y=0.6, (d) y = 0.8 The As-As peak constitutes of b-As (Alg, Bzg
and A%) and g-As (Aig and Eg).

Figure 3.15 (a) shows the Raman shifts of the new peak plotted against the degree
of lithiation, x in Lix(b-AsyP1.y) for varying y. We define the critical concentration of Li
where the new modes (Eq and Aig modes of g-As) appear to emerge as Xi. For each b-
AsyP1.y alloy composition, we monitored the formation and evolution of the Eq mode's
intensity by carefully and systematically deconvoluting Raman spectra measured at each
lithiation stage (i.e., at each level of lithiation, x), including pristine (non-lithiated) samples.

The intensity of the Eq peak was found to be negligible for all samples until Xi. Only for
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the largest y value of 0.8, the new peaks are already present in the as prepared sample (i.e.,
Xi = 0) indicating partial development of arsenic in the form of g-As crystal structure due
to the instability caused by excessive As. For other samples, Xi increases linearly as y
decreases, as shown in Figure 3.15 (b). This behavior can be explained as more degree of
Li intercalation is required to cause bond breaking and drive the process of g-As developing
from b-AsyP1.yalloys with low y. Next, the critical x value, X¢, where the Raman shift starts
to downshift after the maximum upshift is indicative of the completion of the phase
segregation process driven by the intercalation. Since this process is governed by the
interplays among thermodynamic and kinetic factors, the dependance of Xc on y is not
monotonic. Finally, the slopes of the initial rise (Xi < x < Xc) and the subsequent decrease
(x > X¢) are shown in Figures 3.15 (c) and (d), respectively. Each slope is seen to increase
(positively) and decrease (negatively) respectively with y. As the arsenic concentration (y)
increases, the segregation of the g-As phase from b-AsyP1.yalloys becomes more prominent
and as a result Li-intercalation imparts further strain on the As-As bonds. Therefore, as y
increases, the blue shifting of the new peak increases somewhat linearly up to X as seen
in Figure 3.15 (c). Beyond X, the two phases (g-As and b-AsyP1.y) are well segregated, and
the charge transfer is the dominant mechanism for Raman shifting. It is also reasonable to
presume that once the phases are completely segregated, the sample with higher y values
will have a reduced effect on the g-As phase due to charge transfer as seen in Figure 3.15
(d). This is because the segregated g-As phase in higher y value samples has higher strains

on As-As bonds (blue-shift) and compensates for the charge transfer induced red-shift.
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Figure 3.15: (a) Raman shifts of the E¢ peak plotted against the degree of lithiation, x in
Lix(b-AsyP1.y). The critical x value, X, where the Raman shift starts to downshift after the
maximum upshift is marked guided in dashed gray line.(b) The initial x value, Xi, where
the new mode (Eq mode of g-As) appears to emerge, (c) the slopes of the initial rise (Xi<
x < Xc¢), and (d) the subsequent decrease (x > Xc) are also plotted.

To elucidate this point, we looked at the relative change of the intensity of the new
peak (Eq mode of the g-As) normalized to the intensity at Xi, i.e., (Al/l) as a function of x
in Lix(b-AsyP1y) for samples with varying y as shown in Figure 3.16. The dotted lines are
the guides to the eye. The relative change of the intensity of the new peak (Al/l) shows a
systematic increase as y increases from 0.4 to 0.6 by reaching higher peak values as well

as higher saturated values for higher x values. For these three samples, the new peak only
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starts to appear after a non-zero intercalation level, X;. However, for the highest y value of
0.8, the new peak is already present (Xi =0) in the pristine sample and the relative change
remains low as seen in Figure 3.16 implying at y = 0.8, part of the sample is already
undergoing phase separation from orthorhombic (b-AsyP1.y) to rhombohedral phase (g-As),
yet another part still remains as orthorhombic b-AsyP1.y. For other samples, Li-intercalation
is believed to drive the development of this phase segregation. The Aig mode of the g-As
phase is also expected to exhibit similar behavior, but the proximity of the presence of the

AZ mode of b-As phase of b-AsyP1y alloy and the Aig mode of the g-As phase limits

accurate and reliable determination of the Aig mode of the g-As phase.
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Figure 3.16: The relative change of the intensity of the Eg peak of gray As normalized to
the intensity at X; (AI/) as a function of x in Lix(b-AsyP1.y) for samples with varying y. The
dotted lines are the guides to the eye.

Figure 3.17 shows the XRD patterns for pristine BP and b-AsyP1.y alloys with

different chemical compositions before and after Li intercalation. The inset shows the
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blown-up view of the (040) peak before and after Li intercalation of each sample with
varying alloy composition, y. In each sample, the 20 value is seen to decrease after
intercalation implying the expansion of the interplanar spacing. In order to understand
whether the lattice expansion occurred isotropically in all directions, the position of several
peaks in b-AsosPos XRD pattern was analyzed before and after the intercalation. These
results shown in Table 3.2 were used to evaluate the relative lattice expansion along the
main three crystallographic directions, i.e. along a-, b-, and c-axis (Table 3.3). It can be
seen that the largest lattice expansion occurred along the c-direction. This is consistent with
the expected expansion of such hinge-like structure, as reported recently for Li-

intercalation in BP>*,

Further, a new peak (26 = 32.5°) adjacent to the (040) peak appears to emerge after
Li-intercalation. This can be attributed to a local structural change of at least part of the
sample from orthorhombic to rhombohedral due to Li intercalation. However, the sample
with highest As concentration (y = 0.8), exhibits such features even in the pristine state
(prior to the intercalation). This is consistent with the Raman results confirming structural
segregation due to the increased As concentration causing part of the sample to undergo
such structural change. This is also consistent with EDS elemental mapping of this sample
where excess of As particles were observed in addition to b-AsosPo.» flakes (see example

EDS mapping in Figure 3.08).
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Table 3.2: XRD peak positions before and after intercalation for sample b-AsosPos.

Aso5Pos
hkl Pristine  Intercalated Relative change
20, (deg) 20i (deg) AO/0p
020 16.45 16.39 -0.0037
021 25.96 25.77 -0.0071
040 33.25 33.12 -0.0038
111 34.23 34.05 -0.0053
060 50.82 50.62 -0.0040
061 55.12 54.86 -0.0048
132 55.59 55.20 -0.0071

Table 3.3: Lattice parameters for sample b-Aso.sPos before and after intercalation.

lattice AsosPos

parameter Pristine Intercalated Relative change

a(A) 3.395 3.405 0.0029
bA) 10771 10.811 0.0037
¢ (A) 4.449 4.490 0.0092
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The crystallite size and lattice strain

Bulk samples consisting of crystals with sizes smaller than 8mm were synthesized.
For the electrochemical cell, samples were crushed to make the cathode. Consequently, the
particle size is highly dependent on the mechanical process, which may introduce
inconsistencies. Assuming that all samples have the same particle size, the Williamson—

Hall method is used to calculate the crystallite size and lattice strain.

The broadening of peaks is indicative of grain refinement and the presence of
significant strain within the material. The instrumental broadening (B, instrumental)
was estimated for range of diffraction angles using NaCl as a reference. The following
equation is used to calculate corrected (instrumental broadening) full width at half

maximum?®.
Bril = [(Bri, measured)? — (By, instrumental)?]*/2

The average crystallite size (D) was calculated from XRD peak widths based on the

Debye - Scherrer equation,

KA

D=——-«
ﬁhkl cos @

Where K is the shape factor (0.9), A is the wavelength of the incident X-ray (A = 0.1540
nm), and 0 is the Bragg angle. The calculation of strain (€) induced in crystals resulting

from crystal imperfections and distortions involve the formula,

e — Bhki
4 tan 0
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Using the equations mentioned above, the total broadening of the peaks is determined by

considering both the crystallite size and strain present in the material.

KA
Bhkl = Deoso + 4gtan O
By rearranging the equations, we get®,
Bhklcos 0 = 4esin 0 + KFA

A linear plot is generated by plotting Byiicos 8 vs 4sin 0. The y-intercept of the linear fit
can be used to determine the crystallite size(D), while the slope of the fit corresponds to
the strain (€). This method was used to determine the crystallite size and lattice strain of

each sample.

Table 3.4: Calculated crystallite size and lattice strain values of b-AsyP1.y alloys

Crystallite Size (nm) Lattice Strain
Y Pristine Intercalated Pristine Intercalated
0 97.938 48.969 0.0008 0.0003
0.4 124.649 80.655 0.0034 0.0046
0.5 137.113 72.165 0.0042 0.0026
0.6 88.460 50.783 0.0015 0.0016
0.8 195.877 137.113 0.0042 0.0055

According to the obtained results, an overall increase in crystallite size was
observed with an increase in As concentration. This can be attributed to the larger diameter

of As atoms compared to P atoms, causing slight outward displacement of As atoms within

96



the primitive unit cell. Consequently, we evidenced an expansion of the unit cell parameters
occurred with increasing As concentration, leading to an increment in crystallite sizes.
Intercalation, on the other hand, resulted in a decrease in crystallite size. This can be
attributed to the exfoliation of the layers and subsequent cracking of the crystallites caused
by intercalation. The reported reduction in crystallite size during Na intercalation into Bi

suggests particle pulverization or cracking of the crystallites as a result of intercalation®*,

A slight increasing trend in lattice strain was also observed with increasing As
concentration and due to intercalation, although these changes were minimal. It should be
noted that because of the low quality of our XRD data, it may restrict our ability to draw

conclusions regarding subtle changes.

Finally, we carefully analyzed the influence of intercalation on all the P-P, As-As,
and As-P Raman peaks for all 4 samples with varying y values as shown in Figure 3.18.
The first raw from left to right in Figure 3.18 represents the Raman shifts as a function of
the degree of lithiation for A%, B,, and Aj vibrational modes of the P-P bonds,
respectively. The middle row shows the Raman shifts for the two As-P modes due to the
Li-intercalation. The third raw from left to right in Figure 3.17 represents the Raman shifts
as a function of the degree of lithiation for A3, B,, and A} vibrational modes of the As-

As bonds, respectively.

All the P-P modes for all 4 samples except the Aé mode of the sample withy = 0.8

show a redshift (or negligible change) up to X¢ (during the completion of the segregation
process) consistent with the donor type charge transfer to the b-AsyP1.y phase thereby

softening the Raman mode. Beyond X, all the modes except the A; mode of the sample
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with y = 0.8 undergo an upshift (or negligible change) consistent with bond shortening
(hardening of the Raman mode) due to the strain imparted on the b-AsyP1.y phase by the
segregated and strained g-As phase. The anomalous behavior of the P-P A; of the sample
with y = 0.8 (upshift) can be understood as the pristine sample is already phase segregated

and the Li-intercalation imposes additional strain on the b-AsyP1.y phase.

The As-P bonds for all the samples except the sample with y = 0.8 show negligible
or slight downshift for x< X. due to donor type charge transfer mechanism. The anomalous
behavior (upshift) of the sample with y = 0.8, is due to the phase segregation of the pristine
sample prior to the Li intercalation. For x< X, both modes for all 4 samples undergo a

redshift (or negligible shift) due to charge transfer.

All the As-As modes of all the samples except the sample with y = 0.8 show a similar
behavior of initial downshift (or negligible shift) for x< X followed by a blueshift (or
negligible change) for x> Xc. Again, the anomaly in the sample with y = 0.8 (upshift for
X< Xc) is due to the phase segregation of the pristine sample undergoing additional strain

due to Li-intercalation.

In addition to the effects discussed earlier, there can be some complications arising
from some other factors discussed below. In the case of Li intercalation into layered vdW
solids, the metal ion insertion has been reported to induce an increase of the lattice constant
at the basal plane when the sample is supported on a substrate. It is also likely the flake can
undergo compressive strain due to the constraint from the metal substrate. However, the
effect of the substrate is minimum in our case due to the larger thickness of the samples
containing many layers. Meanwhile, the electron doping will cause the Raman modes

softening to lower wavenumber. Alkali metal intercalation leads to an increase in the
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Figure 3.18: Raman shifts plotted against the degree of lithiation, x in Lix(b-AsyP1.y) for
(a) P-P modes (Alg, B2g and A%) (b) As-P modes and (c) As-As modes (Alg, B2g and A%y).

The dotted lines are linear fits at different intercalation regions.

Overall, the movement of the Raman bands will be a synergetic effect of these two

factors, i.e., strain (compressive) and electron doping. At various stages of Li intercalation,

the doping effect competes with strain effects and the Raman bands shifts accordingly.

Phase segregation will also contribute to the overall Raman shifts. During different stages

of the intercalation, depending on the initial material, one effect dominates over the other,
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for different Raman bands. On the other hand, the in-plane vibrations (B,, and A7)
provides information on the in-plane strain, while the out-of-plane mode (43) gives
evidence for the interaction with the substrate. The softening of A, mode suggests

reduction of interlayer van der Waals forces (i.e., decoupling effect), leading to weaker

restoration force in the vibrational mode.

Further, the starting material is most likely a mixture of alloys with slightly varying
compositions. Additionally, a small amount of rhombohedral arsenic can be present in
samples with mixed composition most likely as an unreacted residue of the reaction
mixture. According to Raman and XRD, the content of rhombohedral arsenic is slightly

higher in the sample with higher As concentration (b-Aso.gPo.2).

3.2.2. Theoretical calculations

The experimental results on Li intercalated BP were backed by first principal
calculations based on density function theory (DFT). The credit of this theoretical work

goes to Dr. Ming Yu and Tasnim Kazi.

To understand such Li induced structural segregation from a b-AsyP1y alloy to a
combined system of b-Asy.pP1.y+p alloys plus g-As (where p denotes the percentage of As
atoms segregated from b-AsyP1.y alloys forming g-As), we calculated the cohesive energies
of b-AsyP1.y alloys and compared with combined systems with the p value of 12.5%, as an
example. As shown in Table 3.5(a), the combined systems are energetically stable than the
b-AsyP1.y alloys, the richer the As concentration, the lower the relative energy, supporting
the coexistence of b-AsyP1y alloys with g-As. We also analyzed the relative cohesive
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energy of combined system (i.e., b-Asy+pP1.y-p alloys plus blue P) to the b-AsyP1.y alloys
(Table 3.5 (b)) and found that the combined system is energetically higher (unstable) than
b-AsyP1.y alloys. The exception is found in As-rich b-Aso.g75Po.125 alloy, where the relative
energy is lower in the combined system (-0.0128 eV/atom, Table 3.4 (b)). But it is still
higher than that of the combined system with g-As (-0.0677 eV/atom, Table 3.5 (a)). Thus,
the b-Aso.g7sPo.125 alloy prefers to segregate with g-As, instead of blue P. This is because
that, even though the formation energy of blue P is slightly higher than BP (~0.0058
eV/atom Table 3.6 (b)), blue P is a metastable structure. The g-As, on the other hand, is the
most stable structure, and b-As is a metastable structure (~0.0415 eV/atom, Table 3.6 (a)).

Therefore, it is energetically favorable to segregate g-As from b-AsyP1.y alloys.

Table 3.5: The calculated cohesive energies of b-AsyP1.y (E alloy) and combined system
with 12.5% of g-As (Ecombine) (a) or 12.5% of blue-P (b), as well as the relative energy AE
(the 4th column).

(@)
b-As P E (eV/atom) Ecombine AE=( Ecombine 'Ealloy)
v 1y alloy (eV/atom) (eV/atom)
b-As, P o -5.4293 -5.4530 -0.0237
b-As ,.P, . -5.3372 -5.3608 -0.0236
b-As, .. P -5.2435 -5.2803 -0.0368
b-As, P -5.1626 -5.1983 -0.0356
b-As, P .. -5.0728 -5.1275 -0.0547
b-As P . -4.9955 -5.0490 -0.0534
b-As; . P s -4.9136 -4.9813 -0.0677
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(b)

b-As P E (eV/atom) Ecombine AE=( Ecombine 'Eauoy)
yoly alloy (eV/atom) (eV/atom)

b-AS) b Pogs  -5.4293 -5.3611 0.0681
b-As, ,5P; s 53372 -5.2791 0.0580
b-AS) 1 Pos 52435 -5.2084 0.0350
b-As, P, . 5.1626 -5.1298 0.0328
b-As),Posss  -5.0728 -5.0622 0.0106
b-As, P, s -4.9955 -4.9905 0.0050
b-AS) Py 49136 -4.9265 -0.0128

Table 3.6: Formation energy of AsyP1.y with orthorhombic (a) and rhombohedral (b)
phases, respectively.

(@)
Orthorhombic AsyP 1y E_ (eV/atom)

Asy P10 0
AS) 1250 0,875 0.0237
AS)25P0.75 0.0341
A8y 375P 0.625 0.0463
AssPos 0.0456
A8y 625F0.375 0.0538
AS)75P0.2s 0.0496
A8y 575P0.125 0.0499
As oPoo 0.0415

102



(b)

Rhombohedral AsyP 1y Ef (eV/atom)
AsyP1g 0.0058
ASy 16780833 0.0319
A8y 33P0.67 0.0376
AsysPys 0.0449
A8y 678033 0.0348
A8y 533 0.167 0.0239
AS, Py 0

To understand the local atomic structural changes of b-AsyPi.y alloys under Li
intercalation at atomic scale, we performed the structural analysis within the framework of
the density functional theory (DFT). The role played by the Li atoms during the Li
intercalation in the b-Aso375Poe2s alloy was studied by inserting Li atoms at the most
preferential adsorption sites along the zigzag valley?>192, A full relaxation process was
performed allowing all atoms to freely move in the unit cell and releasing all restrictions
on the lattice symmetry and the unit cell volume. Figure 3.18(a) shows the optimized
structures of b-Aso.375P0.625 under the Li intercalation process with various Li concentration
(x). 1t was found that with increasing the Li concentration, the structural symmetry of the
b-Aso 375Po625 alloy and the atomic bonds (e.g., P-P, As-P, and As-As bonds) underwent
successive changes (indicated by the dashed-black circles in Figure 3.18). For instance, at
x = 0.125, the layer-layer stacking arrangement changes from the symmetric AB stacking
to an antisymmetric AB stacking. At x = 0.25, the structural symmetry changes from

orthorhombic to rhombohedral (which can be seen the significant increase of lattice angle
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a in Table 3.7) but maintains the symmetric AB stacking. When the Li concentration
reached a critical concentration Xc, a local structural transition (e.g., at x = 0.375) was found
to take place. Some armchair bonds (especially As-As bonds) started to break (see figure
3.19 and the 4™ column in Table 3.7), resulting in series of segments along the zigzag
direction. Some of them show six-membered rings linked in trans-decalin fashion, forming
rhombohedral nanoribbons. When the Li concentration x reaches 0.5, the shape of the
lattice symmetry changes from rhombohedral back to the orthorhombic (see the lattice
angle a in Table 3.7) and more armchair bonds are broken, forming a co-existence of the
rhombohedral nanoribbons and buckled zigzag chains. These changes in the local structure
reflect the effect of Li intercalation on the atomic structure, lowering the structural
symmetry. Especially, the rhombohedral nanoribbons, induced by Li intercalation at x >

0.375, characterize the feature of A7 symmetry.

Table 3.7: Bond lengths and lattice angles of b-Asos7sPos2s alloy during the Li
intercalation process with different Li concentration (x).

X P-P(A) AsP(A) A:AI;S (degree) (degree) (de;ree)
0.125 2.26 2.38 2.60 99.09 89.99 89.86
0.25 2.26 2.39 2.57 111.96 89.99 90.00
0.375 2.25 2.39 - 67.35 89.99 90.00

0.5 2.23 2.40 - 92.49 90.09 90.04

Furthermore, the charge redistribution during Li intercalation in real space was
evaluated from the difference of the electron charge density Ap, defined as

AP = P — Panoy — 21 Where o is the total electron charge density of the combined
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system, and ,, . are the electron charge densities associated with b-Aso.375Po.625 alloy
palloy le

and Li atoms in the combined system, respectively. As shown in the insets of Figure 3.18,
each Li atom is found to transfer about 0.97 e to the alloy. As the Li intercalation
progresses, the amount of charge transfer is seen to increase accordingly (see Table 3.8). It
was found that Li atoms act as a ‘catalyst’ in the ‘reactive region’ of the lone pair of P (As)
atoms, leading to a bond breaking and subsequently, a local atomic structural
transformation from orthorhombic to an assembly of rhombohedra-like nanoribbons. It
should be noticed that the structural analysis based on the DFT modeling is at the atomic
scale within the primary unit cell size (8 atoms) and hence can only characterize the bond
breaking/reforming process. The development of rhombohedral phase (e.g., g-As)
segregated from b-AsyP1.y alloys during Li intercalation observed in our experiments took
place at entire sample, and such molecular dynamic process for a large size of system is
beyond the ability of DFT computation. Since the energy barrier for atoms to migrate and
diffuse after bond breaking is much higher (by over several eV/atom), a large-scale

supercell containing at least several hundred atoms is required for the computations.

Table 3.8: Average net charge transfer of b-Aso.375Po.625 under different Li concentration

().

X As (e) P (e) Li (e)
0.125 0.165 -0.299 1.000
0.25 -0.024 -0.373 0.969
0.375 -0.157 -0.487 0.973
0.5 -0.267 -0.618 0.968
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Figure 3.19: The schematic illustration of stabilized structures of b-Asg375Po625 alloy
during the Li intercalation process with different Li concentrations (x).

The successive changes in the structure were indicated by dashed-black circles. A
local structural transition occurs when the Li concentration x reaches to the critical
concentration Xc. The insets under each structure are the net charge redistribution (at the
isosurface of 9x10* e/A®%) among b-AsosrsPos2s alloy and Li atoms. The yellow/blue
contours denote the electron accumulation/depletion. The blue arrow denotes ~ 0.97 e/Li

transferred to b-Aso.375P0.625 alloy. The red, yellow, and grey balls denote the As, P, and Li

atoms, respectively.

In-depth analysis of the intercalation mechanism into b-AsyPiy reveals its
promising potential as an anode material, evidenced by its higher open circuit voltage and

enhanced discharge cycle performance. Moreover, the potential of b-AsyP1y in Li-ion
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batteries is further supported by BP being a promising anode material for lithium ion

batteries®?,

Further research is required to gain in-depth understand to the effects of lithium
intercalation on the electronic structure, conductivity, and mechanical properties of the
intercalated structure. In particular, this can be further advanced to investigate the strain
induced by intercalating alkali metals with varying atomic radii. Such investigations can
provide valuable information for modeling the relationship between the atomic diameter
of the intercalant, the stress generated on the structure, and the As concentration. The

knowledge gained from these studies can be leveraged to enhance existing applications.

3.3. Vibrational Properties of b-AsyP1.y under high-pressure

The high-pressure experiments were conducted using a Diamond Anvil Cell (DAC)
setup. The DAC (Diacell HeliosDAC Almex EasylLab) consisted of two 800um culet
diamonds, which held the sample in between, supported by a gasket and pressurized. The
b-AsyP1.y alloys were subjected to hydrostatic pressure using Dimethylformamide (DMF)
as pressure medium in the sample chamber. The experimental procedure is described in

detail in Chapter 02.

Pressure calibration inside DAC was done using the Photoluminescence spectra of the
Ruby-R2 line shift (include in Chapter 02). Subsequently, the sample was loaded into the
DAC, and in-situ Raman spectra were collected while applying pressure. The peak

parameters of the Raman spectra were analyzed using Fityk software.
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3.3.1. Computational Scheme

The computational scheme provides further insight into possible pressure-induced
alterations. Credit for the first-principles calculations presented here goes to Dr. Ming Yu,
Dr. Rajib Khan Musa, and Tasnim Kazi.

The structural analysis for b-AsyP1.y alloys under pressure was conducted using
density functional theory (DFT)131% implemented in the Vienna ab initio simulation
package!®, employing a plane wave basis set code. The electron-ion interaction was
described using the projector augmented wave (PAW) algorithm®, and the Perdew—
Burke—Ernzerhof (PBE)!?" generalized gradient approximation (GGA) approach®® was
utilized for the exchange-correlation functional. The van der Waals interaction was taken
into account using the zero damping DFT-D3 method proposed by Grimme et. al. 1%,

To construct b-AsyP1y alloys, A 2 x 2 x 2 rectangular unit cell of black phosphorous
containing 64 P atoms was initially considered. The distribution of As atoms in the alloys
was optimized by randomly substituting P atoms with As atoms within the unit cell. Among

__ 64" possible configurations to

the total of 64 P atoms per unit cell, there are
n!(64—n)!

substitute n P atoms with n As atoms, but many configurations can be reduced through

symmetry analysis. A full structural relaxation process was then performed, without any

restriction on the unit cell volume, unit cell shape, or atomic positions. To investigate the

effect of the pressure on the structural evolution of b-AsyP1.y alloys, a hydrostatic pressure

ranging from 0 GPa to 13 GPa was applied.
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3.3.2. High-pressure response of b-AsyP1.y
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Figure 3.20: In situ Raman spectra obtained at different pressure values for three b-AsyP;.
y samples with y = 0.4, 0.6, and 0.8. The spectrum after the pressure was released is also
shown for each sample. The spectra indicated in pink and violet correspond to pressure
regions | & I, respectively.

Figure 3.20 presents the Raman spectra of all three b-AsyP1.y samples under varying
pressure. The spectra exhibit three main regions of peaks. In the high-frequency region (=
340 — 470 cm™1), Raman modes associated with P-P bonds are observed and labelled as
Aj , Bz and A2, corresponding to out-of-plane, in-plane along the zigzag direction, and
in-plane along the armchair directions, respectively. Furthermore, in the low frequency
region of (= 200 — 270 cm ™), Raman modes associated with As-As bonds are observed and
labelled as A3, B,, and AZ. The mid-region (= 300 360 cm™) exhibits two vibrational

modes associated with As-P bonds.

It has been reported that with increasing As concentration, the peak positions
related to As-As modes and P-P modes systematically redshift at zero pressure. 33 As the
arsenic concentration in the alloy increases, a decrease in peak intensities for P-P
vibrational modes is observed, while peak intensities corresponding to As-As vibrations

increase.
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Raman Shift (cm”)

Under hydrostatic pressure, samples with y=0.4 and 0.6 show shifting and
broadening of all peaks as the pressure increases up to 9.79 GPa. Subsequently, the spectra

of each sample return to their original state when the pressure is released.

All the spectra were fitted with three peaks associated with As-As modes, three
peaks associated with P-P modes, and two peaks associated with P-As modes using
Lorentzian line shape analysis. As the pressure increases, the Raman spectra exhibit
significant changes, such as shifting and broadening of all peaks. In general, changes of
peak intensities provide evidence for a change in atomic orientations, while changes in

peak positions and peak broadening provide evidence for structural compression due to

pressure.
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Figure 3.21: P-P peak positions versus pressure of all three b-AsyP1.y samples with y=0.4

(@), y=0.6 (b), and y=0.8 (c), respectively. Dotted lines are linear fits in distinct pressure
regions.
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Figure 3.21 illustrates the Raman peak positions of the three P-P vibrational modes
as a function of pressure for all three b-AsyP1.y samples. In the case of the sample with
y=0.4 (Fig. 3.20 (a)), all three peaks exhibit an overall blueshift with increasing pressure
up to 9.79 GPa. The analysis of the peak shift with pressure reveals different behavior in

two different pressure regions as discussed below.
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In Region | (highlighted with pink), all three modes experience a linear blueshift
(upshift) with increasing pressure up to a maximum applied pressure, Pc = 4.64 GPa.
Subsequently, in Region Il (highlighted with blue in Fig. 3.21 (a)), the modes exhibit a
blueshift at varying rates within the pressure range of 4.64 - 9.79 GPa. The application of
hydrostatic pressure compresses the sample from all directions, resulting in shortened bond
lengths and increased vibrational energy, which is reflected as an upshift of the phonon
modes in the Raman spectra. This phenomenon is referred to as “pressure induced

hardening of phonon modes”.

Again, in Region I1, an upshift is observed for all modes with increasing pressure,
albeit at a slower rate compared to the Region I. It is believed that some pressure-induced
structural reorganization occurs during this phase, leading to subtle changes in the structure
that result in less compression of the bond lengths. This expansion of bond lengths may
indicate the temporary formation of a new local structure. Under these pressure conditions,

the material transitions toward a new partially equilibrium state.

For the sample with y=0.6 (Fig. 3.21 (b)), all three peaks display an overall blueshift
with increasing pressure up to 9.79 GPa. Similar to the previous sample, the Raman modes
exhibit distinct behaviors in two pressure regions. In Region I, all three modes undergo a
linear upshift with increasing pressure up to a maximum applied pressure, Pc = 6.64 GPa.
This is followed by a linear blueshift at a different rate in Region Il, as observed in Fig.

3.21 (b), within the pressure rang of 6.64 - 9.79 GPa.

However, the sample withy=0.8 (Fig. 3.21 (c)) exhibits somewhat different
characteristics within the accessible pressure range. A linear upshift is observed for the Alq

and A%; modes, while the B2y mode shows almost no shift with increasing pressure up to a
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maximum applied pressure, Pc = 7.84 GPa (Region I). Subsequently, for pressures greater
than 7.84 GPa, the modes show an upshift (or weak dependence) at a different rate

compared to the Region I.

The y dependence of Pc on y is shown in Figure 3.22.
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Figure 3.22: The As concentration, y (in AsyP1.y) dependance of the critical pressure, Pc.
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Figure 3.23: As-As peak positions versus pressure profiles of all three b-AsyP1.y samples
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orange and dark blue.
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Figure 3.23 illustrates the Raman peak positions of the three As-As vibrational
modes as a function of pressure for the three b-AsyP1.y samples. All three peaks for the
samples with y=0.4 and 0.6 exhibit an overall blueshift with increasing pressure, but at
different rates within the two regions. In the case of the sample with y=0.6, new peaks
identified as the Eq mode and A1g mode of g-As emerge in Region Il and undergo an upshift
with increasing pressure. Interestingly, for the sample with y=0.8, all the peaks show a
redshift in the second region. The Eg and Aig modes appear to emerge in the second

pressure region of this sample and undergo a blueshift as the pressure continues to increase.

It is believed that that a small amount of rhombohedral g-As segregates from
orthorhombic b-AsyP1.y in the samples with y=0.6 and 0.8 after surpassing a threshold
pressure value in each sample. The downward shifting of the Raman modes in Region Il
can be interpreted as the elongation of the As-As bonds of the b-AsyP1y phase at or near

the grain boundary with the g-As phase, which undergoes compressive structural changes.

The Raman spectra were found to recover upon the release of the pressure for all three

samples.
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Fig. 3.24 shows the Raman peak positions of the two As-P vibrational modes as a
function of pressure for the three b-AsyP1.y samples. All three peaks for the samples with
y=0.4 and 0.6 show an overall blueshift with increasing pressure at different rates within
the two regions. However, the sample with y=0.8, both peaks show a red shift in the second
region. Again, this is consistent with the elongation of the As-P bonds of the b-AsyP1.y
phase at or near the grain boundary with the g-As phase which undergoes compressive

structural changes.

To understand the different Raman characteristics in two different pressure regimes
(Regions I and I1), we analyzed the lattice constants, volume, and bond lengths (including
armchair and zigzag bonds) under pressure using our DFT results. According to our DFT
calculations, bond lengths along the armchair direction monotonically decrease with
pressure by approximately 0.03-0.05 A, as shown in the top panel of Figure 3.25. This
indicates a hardening of phonon modes, which is consistent with the experimental

observation of an upshift in Raman A modes.

However, by comparing the structural parameters (refer to Figure 3.25), we found
that the dominant changes in bond lengths and the lattice constants under pressure mainly
occur along the zigzag direction. As depicted in the bottom panel of Figure 3.25, the bond
lengths along the zigzag direction initially remain unchanged or slowly decrease with
pressure in the first regime, and then abruptly extend to larger values by approximately
0.2-0.4 A in the second regime. The transition point is observed to depend on the As
concentration. These changes in bond lengths along the zigzag direction suggest a local

structural change from cis-like to trans-like bonding under pressure.
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Figure 3.25: P-P, As-P, and As-As bond lengths of b-AsyP1.y alloys under pressure. Top
panel (a-c) indicates P-P, As-P and As-As bonds along the armchair direction and bottom

panel (d-f) along zigzag direction, respectively.

The increase in bond lengths along the zigzag in the second regime leads to a
softening of vibration modes, which is consistent with the redshift of As-As and As-P
modes of the sample with the highest As concentration (y=0.8). It is possible that the

presence of the g-As phase, which undergoes compressive structural changes, in close

proximity to the b-AsyP1.y phase may also influence the As bonds.
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Figure 3.26: The lattice constants along the zigzag (a), vertical (b), and armchair (c)
directions of b-AsyP1.y alloys under the pressure. (d) the ration of the volume V of b-AsyP1.
y alloys under the pressure, where Vo is the volume of BP under zero pressure.
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CHAPTER 4
CONCLUSIONS

Extensive research has been conducted on 2D materials over time. The particular
focus has been on strain engineering, due to its potential to induce phase transitions and
structural transformations, leading to the emergence of new functionalities and
applications. This study focused on examining the effects of strain on the b-AsyP1.y alloys,
which are classified as 2D materials, utilizing intercalation and high-pressure techniques.
Intercalation serves as a highly versatile technique, capable of modifying interlayer
interactions, introducing dopants into 2D materials, altering their electronic structure, and
even transforming them into entirely distinct structures or phases. Owing to its versatility,
intercalation has employed across diverse technologies, serving as a critical tool for
controlling the properties of layered materials, facilitating their transition across phase
diagrams, and triggering significant structural transformations*. On the other hand, high-
pressure technology is extensively employed in materials science to amplify the electronic
and atomic structure of materials, thereby adjusting diverse material properties as well. By
subjecting materials to high-pressure conditions, the inter-atomic volume can be drastically
reduced, leading to notable densification effects or an amplification in reactivity. This
project includes thorough investigation of the impact of intercalation and high-pressure on

the lattice structure of b-AsyP1.y alloys.
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The vibrational properties of BP are of significant importance, particularly considering the
similarity of its properties to the b-AsyP1.y alloys under investigation. The in-situ Raman
spectra revealed a redshift in all three Raman vibrational modes (phonon modes) with
increasing degrees of lithiation. This redshift can be attributed to a decrease in vibrational
energy (frequency) between the P atoms, resulting from the stretching and weakening of
intralayer and interlayer bonds upon insertion of guest species into the BP structure.
Furthermore, XRD analysis confirmed that intercalation did not induce a phase
change, as evidenced by the absence of peak shifts or the appearance of new peaks in the
XRD patterns. However, a significant reduction in intensity of (0k0) reflections indicated
a decrease in thickness of coherently bonded BP flakes upon lithiation. This reduction can
be attributed to the partial effective exfoliation of BP flakes, as the insertion of Li weakens
or breaks interlayer van der Waals bonds along the out-of-plane direction. The intercalation
process exhibits high in-plane anisotropy, with the channels along the ZZ direction found
to be the preferred pathway for Li intercalation due to their lower energy profile compared
to the AM direction. Interestingly, this result deviates from the theoretical prediction of the
transition to the blue phosphorene phase induced by Li intercalation, indicating a
discrepancy between the experimental findings and the theoretical expectations.
Stimulated by the potential insights gained from investigating the behavior of BP,
the scope of this study was extended to a series of b-AsyP1.y alloys. The specific alloys
focused on in this study were ASo4Pos, ASosPos, ASoePos, and AspsPo2. Raman
spectroscopy analysis revealed the presence of three distinct atomic vibrational (phonon)
modes originating from As-As bonding, As-P bonding, and P-P bonding. The P-P bonds

exhibited Aly, Bag, and A% Raman modes, corresponding to out-of-plane, in-plane along
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the zig-zag direction, and in-plane along the armchair direction, respectively, within the
frequency range of 350-470 cm™. Similarly, the Alq, B2g, and A%, phonon modes attributed
to As-As bonds were identified in the lower frequency region ranging from 200-270 cm™,
Additionally, two phonon modes arising from As-P bonds were observed in the
intermediate frequency range of 270-350 cm™. Notably, all these phonon modes exhibited
a redshift with increasing As concentration, resulting from changes in bond strengths and
bond lengths as P atoms were progressively substituted by As atoms. Furthermore, a
comparative increase in the peak intensities of As-As vibrations and a decrement in P-P
peak intensities were observed with increasing As concentration. This observation can be
attributed to the increasing prominence of As-As vibrations and the decreasing prominence
of P-P vibrations as more P atoms were replaced by As atoms within the lattice structure.

Additional characterization using X-ray diffraction (XRD) patterns, in conjunction
with transmission electron microscopy (TEM) data, revealed a systematic expansion of the
lattice structure with increasing As concentration (y). This As-dependent increase in unit
cell parameters was attributed to a slight outward displacement of the primitive unit cell,
as the atomic diameter of As is larger than that of P. Therefore, the lattice structure
expansion becomes more pronounced as the As concentration increases. Moreover, the
XRD results further confirmed that the b-AsyP1.y alloys possess an orthorhombic puckered
structure analogous to BP.

The gray arsenic (As) exhibits three Raman active modes, namely, two-fold
degenerate Eq modes and one Ai; mode. The E; modes correspond to the in-plane
vibrational mode, while the A1y, mode pertains to the out-of-plane vibrational mode, which

manifests as two distinct Raman peaks observed at approximately 193 cm™ and 253 cm™.
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X-ray diffraction (XRD) analysis confirmed the crystal structure of gray As to be
rhombohedral, belonging to the R3m space group. Notably, theoretical calculations suggest
that the coexistence of rhombohedral (gray As) and orthorhombic (b-As) phases in b-AsyP1-
yalloys is energetically favorable.

Electrochemical Li intercalation of b-AsyPiy alloys was studied in-situ using
Raman spectroscopy. At the outset, intercalation dependent alternations in eight vibrational
modes identified in b-AsyP1.y in Raman spectra were tracked. During the initial stages of
the intercalation process, all modes of all the samples showed a downshift due to donor-
type charge transfer causing softening of phonon modes. Above a composition-dependent
intercalation threshold, two new peaks emerged identified as the Eqand Aig modes of g-As
indicating an intercalation-driven structural phase segregation process. Above the
intercalation threshold, all the peaks showed an upshift due to the strain imparted (and bond
shortening) on the b-AsyP1.y phase by the segregated (and also strained) g-As phase. Our
computational modeling revealed the co-existence of g-As in the AsyP1.y alloys with high
As concentrations due to thermodynamic instability and also a local atomic structural
transition taking place at a critical Li concentration during the intercalation process.

Further reinforcing evidence to intercalation driven lattice expansions incorporated

with phase segregation, XRD patterns indicate a downshift in 26 values.

A new peak (20 = 32.5°) adjacent to the (040) peak of orthorhombic structure appears to

emerge after Li-intercalation. The rhombohedral gray As also demonstrates a peak

associated with (012) around 260 =32.5°. This can be attributed to a local structural change

of at least part of the sample from orthorhombic to rhombohedral due to Li intercalation.

However, the sample with highest As concentration (y = 0.8), exhibits such features even
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in the pristine state (prior to the intercalation). This is consistent with the Raman results
confirming potential structural segregation due to the increased As concentration causing

part of the sample to undergo such structural change.

Then with the knowledge of induced structural segregation caused by Li
intercalation in b-AsyP1.y, it’s interesting to experiment its response under of high-pressure
conditions. The Diamond Anvil Cell is utilized to apply high-pressure conditions and
observed alternations of vibrational modes by in-situ Raman spectra. Notably, the peak
shifting of the phonon mode is a useful tool for analyzing the strain behavior of two-
dimensional materials. Our previous work on BP under high-pressure demonstrated an
overall blueshift of the Raman modes, due to increase in atomic vibrational energy of the
structure, caused by the triaxial stress generated by the hydrostatic pressure. While out-of-
plane mode of the pristine BP was found to be blue shifting monotonically with increasing
pressure, the two in-plane modes of the pristine BP were found to be responding differently
in three different pressure regions. In detail, a blue shift (0-3.2 GPa), followed by a red
shift (3.2-5.2 GPa) and then again, a blue shift (>5.2 GPa) was observed in in-plane modes.
The cause of downshift in the mid pressure region can be a result of pressure-induced

reorganization in the lattice structure.

Then, the structural evolution of black arsenic-phosphorous (b-AsyP1.y) alloys with
varying arsenic concentrations were studied under hydrostatic pressure using in-situ
Raman spectroscopy. Significant pressure-induced shifts were observed in all vibrational
modes corresponding to P-P bonds (Alg, A%, B,g4), As-As bonds (Alg, A%, B,g4), and As-P

bonds for different As concentrations.
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For alloys with lower As concentrations, a regime (Region 1) characterized by a
monotonic upshift of all modes was observed, indicating phonon hardening due to
hydrostatic pressure. In a second regime (Region 1), a linear blueshift (or negligible change
in some modes) at a reduced rate with pressure was observed, suggesting local structural

reorganization in the samples and less compression of bond lengths.

The accessible pressure ranges are categorized into two regions, namely Region |
and Region 11, based on the distinctive characteristics exhibited by phonon modes in each
composition. The alloy with a higher As concentration also exhibited two distinct regimes
within the accessible pressure limit. In Region I, there was a blueshift of all modes, while
in Region 11, a downward shift of As-As, and As-P Raman modes (and some P-P modes)
was observed. Interestingly, the emergence of new peaks identified as the Eq mode and Aqg
modes of the g-As phase was observed in this pressure range, indicating compressive strain.
These anomalous changes in Region 1l confirmed the formation of a new local structure,
interpreted as the elongation of the P-P, As-As, and As-P bonds along the zigzag direction
in the b-AsyP1.y phase at or near the grain boundary with the emergence of the g-As phase

undergoing compressive structural changes.

Future work

The current work on intercalation and high-pressure studies on b-AsyP1.y paves the
way to new insights and research interests. The formation of new local structure in b-AsyP1-
y iImplies some potential of phase transition, which is possible to result in material with

starkly different properties. Most interestingly, our research group revealed that b-Aso.2Pos
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alloy exhibit extremely high thermopower of 803 pV/K at room temperature and a metallic
behavior with negligible thermopower for higher As concentrations as of AsogsPo.17 and
As:1Po. Furthermore, 4-probe resistance was reported to be decreasing 3 times compared to
BP, with the increase of As content of b-AsyP1.yalloys fromy =0 to 1. All these interesting
discoveries revealed that black arsenic phosphorus is an excellent thermoelectric material

for thermoelectric devices.

In addition, the degradation study performed by our group include investigating the
effects of oxygen and humidity on BP and b-AsyP1y alloys. It reported that b-AsyP1y
(y<0.83) is more stable than BP. The Raman spectroscopic data reveal that P-P peak
intensities degrade upon exposure to oxygen and moisture. After being exposed to ambient
conditions, it was determined that the normalized thermos electric power (TEP) and four-
probe resistance of b-AsyP1.y were relatively stable compared to BP. This was attributed to
the charge transfer between the oxygen redox potential of air and the Fermi energy (EF) of

the semiconductors.

It is intriguing to identify and understand a trend between this factor and the size of
intercalant atoms. Li has a small atomic radius of 0.182 nm and Na has intermediate atomic
radius of 0.19nm. Therefore, accommodating an intercalant like Na, has a potential to
enhance the effect of intercalation on the crystal structure. Our group is currently working
on Na intercalation into b-AsyP1y and has reported an interesting preliminary result of
formation of nano ribbons. Using different sizes of intercalants could assist to obtain
systematic understanding of intercalation induced strain generated on b-AsyP1.y structure.
It could use to predict relative strain and composition dependent responses of each.

Moreover, it would rather be interesting to investigate the synergistic effect of intercalation
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and high-pressure in b-AsyP1.y alloys, which may lead to outcomes and applications beyond

imagination.
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